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FOREWORD 


Polhemus Navigation Sciences, Inc. was awarded a contract by the National 
Aeronautics and Space Administration to conduct a study entitled "Navigation/Traffic 
Control Study for V/STOL Aircraft" (NAS -1 2-2024), The goal of the study was to provide 
recommendations to NASA regarding the solution of domestic air traffic control/airborne 
navigation problems envisioned for 1975-1985, The program was sponsored by the Naviga- 
tion and Guidance Branch, Electronics Research Center, Cambridge, Massachusetts. 

Mr. J. R. Coonan served as Technical Monitor for NASA/ERC, Principal investigator 
for PNSI was Mr. Thomas T. Trexler. 


This three-volume final report presents summary results of the NAVTRAC study 
covering project activity from August 1969 through March 1969. It describes a broad-scope 
analysis which identifies, from the pilot's viewpoint, the desirable performance characteris- 
tics of an advanced navigation/traffic control system for aircraft operating in an environment 
consisting of V/STOL, CTOL-jet, SST, and general aviation aircraft. A number of 
recommendations are made for the immediate further research and development of technology 
related to future airborne avionics systems and air traffic control. The recommended 
development program has a two-fold design objective: validation of the "Flight Plan 
Reference/ATC" concept and verification of the effects of- automation on pilot workload. 
Recommendations are made for development of technology associated with NAV SAT and 
ground-based hyperbolic systems. They include: development of a digital software computer 
program; man-machine simulation^) for VTOL and general aviation aircraft; hardware bench 
and field tests; and qualification flight tests. 

The assistance of the following individuals who contributed substantially to the 
preparation of this document is acknowledged: 


Mr. William L Polhemus 
Mr. Donald W. Richardson 
Mr. Linus E. Lensihg 
Mr. Edwin McConkey 
‘Mr. Eric H. Bolz 
Mr. Steven C. Lesak 


Operations Consultation 
Engineering Direction 
Technical Editing and Publication 
Radio Systems Engineering 
Radio Systems Error Analysis 
Pilot Workload Studies 
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ABSTRACT 


The Navi gation Traf fic Control Study for V/STOL Aircraft (NAVTRACS) develops 
recommendations for the further research and development of air traffic control/navigation 
related technology. The desired performance characteristics of an advanced navigation/air 
traffic control system for the 1975-1985 domestic air transportation environment are developed 
from the cockpit viewpoint. V/STOL, CTOL-jet, SST, and general aviation aircraft are 
considered. The advanced system embodies two new concepts: a Flight Plan Reference 
System and Limit Logic. The concepts assume the availability of area navigation aids. 

Five candidate systems are evaluated: NAVSAT, ground based hyperbolic (Decca, Loran C 
and Omega) and rho theta integrated with course line computer. 

Enroute, terminal area and approach and landing requirements are considered. Area 
navigation, in this context, provides two capabilities: required horizontal, position infor- 
mation for the pilot, and ATC system -required surveillance information. To generate the 
precision required for approach and landing of carrier aircraft, a differential NAVSAT and/ 
or ground based hyperbolic capability must'be incorporated into the system if individual 
runway instrumentation is not to be used. 

Acceptability of each area navaid is evaluated through use of' comparative pilot 
workload analysis. For purpose of this study, the pilot workload approach is used to 
determine desired system level(s) of automation. Detailed Event Sequence Diagrams which 
cover both VFR and IFR operations define the pilot's tasks of navigation, communication, 

aircraft control, and system monitoring and show the interface between airborne 

system and ATC. To insure a broadly based workload assessment, several configurations 
of general aviation and air carrier-type avionics systems are included in the tradeoff 
analyses. 

Volume I of the report contains an overall summary of the results of the study. 

Volume II (Technical) discusses the technical approach used in the study and describes 
the results of various tradeoff analyses which lead to the reported conclusions and 
recommendations. Volume III (Appendices) documents the background technical data 
generated to support the analyses and system definition. 
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Ul 

radian frequency of carrier signal 

a Greek Letter Luting (caps) 1 

A 

an increment in an associated variable 

ACT 

on increment in crosstrack distance 

AETA 

an increment in ETA 

Af 

fractional frequency deviation 

Afuei 

an increment in fuel volume 

1 A2, A H 

an increment in altitude 

Anns 

rms statistic oF radial DTD system 

4TD], TDJ. 

differential time difference calibration signals 

AV 

an increment in speed 
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APPENDIX A 

EVENT SEQUENCE DIAGRAM 


Appendix A contains the detailed Event Sequence Diagrams which were 
constructed in an effort to correlate the elements of cockpit activity related to navi- 
gation and communication with the ATC system. 

Four topics are described in this set; navigation management/ VFR flight, 
IFR flight and all-weather landing. 


The diagrams show the mission oriented events taking place during the nine 
phases of flight; preflight, taxi, take off, climb out, departure, enroute, arrival, approach 
and land. The event sequence diagrams inter-relate the pilot control and monitor func- 
tions, communication activities and navigation management tasks to the ATC system. 

There are four major ESDs, each of which is subdivided into the flight phases 
described in the preceding paragraph: (Figure A-1 shows the organization of the diagrams.) 


Figure A -2 
Figure A-3 
Figure A -4 
Figure A-5 


Navigation Management Event Sequence Diagram 
VFR Flight Plan Event Sequence Diagram 
IFR Flight Plan Event Sequence Diagram 
All-Weather Landing Event Sequence Diagram 


The VFR and IFR Event diagrams specify the mission sequence from pre-flight 
'briefing to taxi in and system shutdown. The diagrams identify the navigation management 
functions, communication management functions, and aircraft control and monitor tasks 
for each flight phase. They also indicate cognizant traffic control and surveillance units 
and show the surveillance technique employed, e.g., direct communication. Airfield 
Surveillance Detection Equipment (ASDE), interrogation, etc. The communication 
management events diagram ties together the traffic control and surveillance struc- 
ture by showing both air-to-ground and ground-to-air communications. 


A-1 
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The VFR and 1FR event sequence diagrams define the nominal navigation 
management Functions. The detailed form of the tasks depends upon aircraft avionics 
fit, control display configuration, and operational procedures adopted by the crew 
member. The pilot control andmonitor tasks are general . Again, the specific tasks 
depend upon the particular vehicle evaluated. The communication tasks are also general 
and depend upon the level of automation in the data link. Thus, the event sequence 
diagrams can be utilized in the analysis of any combination of navigation, communication, 
aircraft control, and monitor equipments. Figure A-l illustrates the general organization 
of the Event Sequence Diagrams (ESD's). 



MISSION 



Figure A-l. Organization of the Filot/ATC Event Sequence Diagrams 
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A. 1 NAVIGATION MANAGEMENT EVENT SEQUENCE DIAGRAM 

Figure A-2 is the first of nine navigation management event sequence diagrams. 
The diagrams are serial operational flow diagrams showing tasks essential to accomplishment 
of the navigation management function. The on-line processing functions provide data to 
the parallel functions of communications and aircraft control and monitor. The navigation 
management workload requires the pilot to: 

(1) review current forecast: outputs, wind along-track component 
and wind cross-track component 

(2) initially set up the system: initiate navigation system operation; 
includes switch-on, system alignment, and data insertion 

(3) review current leg: confirm desired course, distance to go 

(4) program next waypoint: insert data for next leg (terminal 
area or enroute) 

(5) reprogram system - in-flight: insert revised flight plan data 

(6) acquire position data: measure and evaluate position infor- 
mation; used to generate steering points 

(7) update steering signal: compute track angle error, cross- 
track distance error, distance to go 

(8) check flight path status: output display track angle error, 
cross track distance, command altitude, command speed, 
required time of arrival. 

(9) check flight plan status: confirm Limit Logic; confirm 
aircraft flight path within specified limits of flight plan 

(10) prepare report: assemble and store standard report data, 
abbreviated report data for surveillance link to ATC 

The pilot or computer performs the navigation management tasks in serial 
fashion throughout the entire flight profile. 


A -3 
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A. 2 VFR EVENT SEQUENCE DIAGRAM 

Figure A -3 presents the VFR Flight Plan Event Sequence Diagram for the GA1 
and GA2 aircraft profile in which it is assumed that a single pilot performs all navigation, 
communication and control tasks. Aircraft profile events such as "complete turn", "climb 
to cruise altitude", "reach cruise altitude" relate the communication and navigation func- 
tions to the profile. The typical A-G and G-A communication functions are related to the 
appropriate ATC function, such as "enroute surveillance", "descent surveillance", etc. 
Navigation management functions are processed in parallel with the communication and 
control functions. 

The VFR event sequence diagram illustrates that the Flight Plan Reference 
System and Limit Logic function can be initiated and maintained only with acquisition of 
surveillance data. In this flow chart, take-off, approach and landing activities are per- 
formed as present-day VFR operation without ATC cognizance. 

A. 3 IFR FLIGHT PLAN EVENT SEQUENCE DIAGRAM 

Figure A -4 presents the complete IFR Flight Plan diagram for five classes of 
users; VTOL, STOL, SST, CTOL and GA3. Air-to-ground and ground-to-air communica- 
tions with the specified control and surveillance units are Identified. The surveillance 
procedure is identified for voice link, digital data link, or flight following on 
surveillance radar as required. The pilot performs the communication, navigation and 
control tasks in parallel. The timing of the tasks are keyed to aircraft events in the 
control channel. Throughout all flight profiles, contingency communications are allowed, 
for the contingency communication event may introduce the need for a modification to 
the navigation system set up, thus necessitating implementation by the reprogram task. 

The contingency communication event can be triggered by the Limit Logic if either 
the airborne or ground based system observes aircraft position or navigation state as "out 
of limits". A request by ATC for the aircraft to take up a holding pattern is triggered by 
the contingency communication channel. 
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A. 4 UTILIZATION OF THE EVENT SEQUENCE DIAGRAM 

The event sequence diagrams utilized in the pilot workload analysis are tied 
to the aircraft flight profiles documented in Section 2. The time base for the event 
sequence diagrams Is derived from the flight profiles. These diagrams were used as the 
principal control tool in defining workload events which were .subsequently subjected 
to measurement in determination of pilot loading. The following block diagram symbols 
and logic notation are used in the event sequence diagrams: 


— a function 



— an event 

— the decision factor at a logic point 

— "and/or gate"; follow any combination of input and output paths 

— all outputs and all inputs are required 
_ "or gate"; follow one path only 


A -5 
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APPENDIX B 

COCKPIT INFORMATION NEEDS 


Appendix B summarizes cockpit information needs for six classes of aircraft 
VTOL, STOL, SST, CTOL, GA1, GA2 and GA3. 

1 . Aircraft State - Primary consideration is to know the basic elements of 
information which affect the aircraft's ability to take off, to cruise and to 
land safely. These will include at least: minimum airspeed, attitude, vertical 
velocity, and fuel remaining. 

2. Hazard Avoidance - To safely manage the aircraft's flight path requires 
knowledge of: airfield runway situation, presence of high ground, presence of 
turbulence. location of obstacles, and proximity to other aircraft. 

3. Command Information - To efficiently and economically control aircraft 
flight path requires knowledge of: steering error, error in expected time of 
arrival, relationship to command speed, start of climb and descent points, and 
error in vertical position and rate. 

4. Situation Information - To make valid judgments regarding future action 
it is necessary to know: present track, speed, altitude, vertical velocity, 
present time, aircraft position, and any error in position. 

5. Systems Status - The pilot must be able to monitor and control operational 
status of all subsystems of the navigation/communication/control system complex. 

6. Environmental Situation - Significant flight path variables are influenced 
by ambient temperature, wind direction and velocity, atmospheric pressure, 
density altitude, and natural hazards (e.g., ice, restrictions to visibility, and 
turbulence) . 
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' Special Navigation Procedures - Air crew must have the capability to cope 
with a variety of special procedures involving computation, analysis and judgment 
(e.g. alternate routing procedures, slant tracks, point of no return, ADIZ boun- 
daries, notices to airmen, control time maneuvers, etc.). 

8. Special Operational Procedures - These include the capability to comply with 
special noise abatement procedures during takeoff and cfimb-out, sonic boom 
minimization criteria, and speed and noise restrictions imposed during the approach 
and landing phase . 

9. ATC-Reiated Control Information - The conflict avoidance task requires 
information about: radius of turn, rate of closure-, passenger 'g ' limits, proximity 
to other aircraft, intentions of aircraft approaching a conflict situation, terminal 
situation at expected time of arrival, and path stretching and speed control 
capabilities . 

10. Communications - Navigation/ATC Related - The primary NAV-ATC related 
communication capabilities of significance in the information set relate primarily 

to the ability to: request, receive, revise, acknowledge, and evaluate a clearance. 

11 . Aeronautical Data - the air crew member has a responsibility to be familiar 
with a wide range of aeronautical data which appear in the form of : NOTAMS, 
advisories, verbal instructions, and both permanent and temporary postings on 
maps, charts and approach charts. 

The information set out in the following Tables provides an amplification of 
required/desired cockpit information summarized in Section 3.3. The data is related to 
the three major tasks of navigation, communication and control. Indication is given 
regarding: (1) the source of the tabulated information, (2) whether or not it is sensed, or 
derived by computation, or induced by the pilot, (3) whether it is reported to or by the 
pilot, (4) whether it is achieved manually or automatically, and (5) whether it is airborne 
or ground-derived (ATC). 
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The cockpit information needs are summarized in the following Table (B-1) 
To differentiate the cockpit needs of different classes of aircraft, the entries in the 
table are identified by the following symbols: 

x " All aircraft (VTOL, STOL, CTOL, SST, GA3, 

GA2, GA1) require the information 

+ - SST and CTOL jet require this information 

o - VTOL, STOL, CTOL, SST and GA3 require this 

information; GA2 and GA1 do not 

s - SST, only, requires the information 

v - VTOL, only, requires the information 

c - CTOL, only, requires the information 

g3 - GA3, only, requires the information 

g - • GA2 and GA1, only, require the information 


B-3 
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TABLE B-l 

PILOT INFORMATION NEEDS 


COCKPIT INFORMATION 




1 ESS ^3 [S9 

' ■ a ■ ■ mm — ; ■ jgg 

See 


■I 1 I ,M| 


> - S' 

O < £ (3 
ci Z u 5| 



2 j 2 If u 

<5 

° 1 1 I i -2 


1.0 AIRCRAFT STATE 


.1 V„ V., V, 


1.1.3 Cal ibrafed Air Speed 

1.1.4 True Air Speed 

1.1.5 Mach Number 

1.1.6 Min. Safe Approach Speed, 

(Flare, Touch Down) 

1.1.7 Equivalent Air Speed 

1.2 ANGLE OF ATTACK 

1.3 AIRCRAFT ATTITUDE 

1.4 GROSS WEIGHT 

2.0 HAZARD AVOIDANCE 

2. 1 AIRFIELD SITUATION 

2. 1. 1 See Taxiways, Runway*, All Viability 
Condition* 

2. 1. 2 See Obstacle* on Runways, Taxi ways. 
All Vis. Condition* 

2. 1 3 Observe Runway Centerline, All Wx 
2 1.4 Observe Runway Threshold, AH Wx 

2. 2 HIGH GROUND AVOIDANCE 

2.3 WEATHER AVOIDANCE 

2.3.1 Clear Air Turb. 

2. 3. 2 Prop Wash, Jet Wake, Turb. Woke 

2. 3. 3 Turbulence In or Near Cloud 

2.4 AIRCRAFT AVOIDANCE 

2.4.1 Position Warning Information 

2. 4. 2 Collision Avoidance Capabilities 

2.5 OBSTACLE AVOIDANCE 

2. 5. 1 Observe Hazards, e.g. TV Towers 

3.0 FLIGHT PATH COMMAND INFORMATION 

3.1 COMMAND COURSE 
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TABLE B-l 

PILOT INFORMATION NEEDS (cont'd) 
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TABLE B-l 

PILOT INFORMATION NEEDS (cont'd) 


COCKPIT INFORMATION 


GROUP & 

COMPONENT ELEMENT 


5. 0 SITUATION INFORMATION 

5. 1 AIRCRAFT TRACK 

5. 1. 1 Magnetic Track 

5. 1 . 2 True Track 

5. 1 . 3 Grid Track 

5. 1.4 Steering Error 
5. 2 AIRCRAFT HEADING 

5.2.1 Magnetic Heading 
5. 2.2 True Heading 

5. 2. 3 Grid Heading 

5.2.4 Heading Error 

5.2.5 Compass Deviation 

5.2.6 Drift Angle 

5. 2. 7 Mog. Variation 

5.3 AIRCRAFT SPEED 

5.3.1 Indicated Air Speed 
5. 3. 2 Calibrated Air Speed 

5.3.3 True Air Speed 

5.3.4 Mach Number 
5. 3. 5 Ground Speed 

5. 3. 6 Error in Ground Speed 

5.4 AIRCRAFT ALTITUDE 

5.4.1 Pressure Alt./ Flight Level 
5. 4. 2 True Altitude 

5.4.3 Radar Altitude 

5.4.4 Error in Altitude" 

5. 4. 5 Vertical Velocity 

5. 4. 6 &Tor in Vertical Velocity 

5.5 TIME 

5. 5. 1 Greenwich Mean Time 

5. 5. 2 Estimated Time Arrival (Depart) 
5.5.3 Required Time Arrival (Depart.) 
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TABLE B-l 

PILOT INFORMATION NEEDS (cont'd) 



Retain In Aircraft 
Report to ATC 
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TABLE B-l 

PILOT INFORMATION NEEDS (conf'd) 


INFORMATION 


COCKPIT INFORMATION 



6. 3. 2 RF Correct Factors (Sky Wove, Slant 
Rqr., etc.) 

6.3.3 Power Sit. (Off, Stdby., On, etc.) 

6.3.4 Malfunction Indication 

6.4 DEAD RECKONING SYSTEM 

6.4.1 Velocity Bias 

6.4.2 Power Sit, 

6.4.3 Malfunction Indication 

6.5 AUTOPILOT NAV STATUS 

6. 5. 1 Power Sit. (On, Stdby., Off, etc.) 
6.5. 2 A. P./Nav. Syj. Tie-In 

6.5.3 A. P./ILS Tie-In 

6.5.4 Malfunction Indication 


7.0 ENVIRONMENTAL SITUATION 

7.1 TEMPERATURE 

7. 1 . 1 Outside Air Temperature 

7. !. 2 Temp. Gradient 

7.1.3 Ram Air Tempi. 

7.1.4 Forecast Tempt/Chart 

7.2 DENSITY ALTITUDE 

7.3 UPPER AIR CHART 

7. 3. 1 Pressure D-Votue 
7. 3. 2 D -Value Grod. 


7. 4. 1 Forecast Air/ Velocity 
7. 4. 2 Meas. Air/ Velocity 

7.4.3 Wind Gradient 

7.5 TURBULENCE 

7.5.1 Turbulence In Cloud 


8.0 NAVIGATION PROCEDURES 

8.1 ALTERNATE AIRFIELDS 

8. 2 PARALLEL TRACKS 
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in Aircroft 
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COCKPIT INFORMATION 



10. 1.4 Evoluate Effect an Fuel, ETA/RTA, 
ETE, Altitude Cap. 

10. 1. 5 Insert into Nav. Sys., Check Correcn 

10. 2 RIGHT PLAN STORE AND RETRIEVE 

10. 3 TACTICAL MODS TO FLIGHT PLAN 

10. 3. 1 System Rec. & Displays Rqst. to Go 
Over, Go Around, Speed up, Chang 
Altitude, etc. 


10. 3. 2 Sys. Acknow. 

10.4 SYSTEM REPORTING CAPABILITY 

10. 4. 1 Position, Time 

10. 5 STANDARD VOICE CAP. 


11.0 AERONAUTICAL DATA 

11.1 NOTAMS 

11.2 REGULATIONS 

11.2.1 FARs 61, 91,123,135 

11. 2. 2 ICAO CA I -5 

11.2.3 US 101 - 113, 201 -254, 301 -304, 
401-412 

11.3 ADVISORIES 

11.4 ENROUTE 4 TERMINAL NAV AIDS 

11.5 AIRFIELD DATA 

II . 5. 1 Runway Conditions 

11.5.2 Radio 4 Appr. Fac., Fre<j. 

11. 6 AIRCRAFT & ENGINE LOG 


12.0 ATC -RELATED CONTROL INFORMATION 

12. 1 AIR-AIR CONFLICT PREDICTION 

12. f. I Rate of Closure Between Vehicles 
12. 1. 2 Radius of Turn 

12. 1 . 3 Proximity to Other Vehicles PWJ 
or CAS 

12. 1. 4 Other Vehicle Intention (Extrapola 
tion of Vel. Vector) 

12. 1. 5 Haz. Weather 

12. 2 AIR-GROUND CONFLICT PREDICTION 
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TABLE B-l 

PILOT INFORMATION NEEDS (cont'd) 
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APPENDIX C 

NAVIGATION AND COMMUNICATIONS REQUIREMENTS 


This Appendix presents a summary of the methodology used in computing 
the 1975 to 1985 navigation/traffic control system requirements. The results, the 
navigation and communication requirements, are reviewed in Volume II, Sections 
3.5 and 3.6 respectively. 

Traffic activity forecasts were also used to compute navigation and 
communication requirements. Aviation activity for selected ATC Sector and Center 
areas is described in Table C-l in terms of two categories of users, one called 
general aviation and a second called air carrier and military . The traffic for each 
of the selected categories was tabulated in terms of peak-minute activity. The 
values listed were obtained from a preliminary report provided by the Technical 
Monitor. The major concern was to determine the min/max range of peak traffic 
to be anticipated for 1985 (as shown in Table C-Il), 

C.l TRAFFIC ACTIVITY FORECAST 

The traffic activity forecast for 1985 at six arbitrarily selected ATC centers 
is presented in Tables C-I and C —II. The peak-minute densities are tabulated for each 
100 square miles of a typical sector within the selected center. For example, the typical 
sector in the Salt Lake Center is expected to service 0.313 general aviation aircraft per 
minute per 100 square miles in 1985, and 0.085 air carrier and military vehicles. When 
the total number of sectors within the Salt Lake Center is multiplied by I/I00th of the 
average total area/sector, 17,300 nmi, times the peak minute GA traffic, 0.313 aircraft/ 
100 nmi, the result shows that 1,139 GA aircraft are expected under Center Surveillance 
during peak-minute activity. Similarly, a peak-minute air carrier and military aircraft 
traffic load of 307 aircraft-per minute is calculated. This process is then repeated 
for each of the six Centers, 'The results, tabulated in Table C-l I, indicate a potential 
peak-minute min/max GA aircraft load of 1,139 to 8,544 vehicles. The range for military 
and air carrier vehicles is 303-457. 


C-l 
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Table C-lli presents a summary of peak hour operations at three major terminal 
areas taken from an FAA forecast (57). Overflights, arrivals and departures have been 
combined in the illustration. 

Three factors significant to this study are noted: 

(1) Air carriers are forecast to continue to use predominantly 
IFR clearances. The ratio of VFR to IFR operations will be 
of the order of 'I/1(X 

(2) In contrast. General Aviation will continue to rely upon 
VFR flight rules to facilitate their movements. The ratio 
of VFR to IFR operations is forecast to be 8/1 to 10/1. 

(3) The traffic congestion problems of the New York TMA, 
circa 1968, will be duplicated in Detroit by 1980. The 
present Detroit situation will be duplicated in Cincinnati 
by 1980. 

The U.S. has twenty-two centers of air transportation activity which generate 1% 
or more of the nation's scheduled air carrier domestic service. These centers or communi- 
ties, termed Large Hubs, sustain many airports of widely different characteristics. The 
airports are classified as follows: 


Type Code 
AC 
GA 
R 

P 

(T) 


Definition 
Air carrier 
General Aviation 

General Aviation airport which relieves 
traffic congestion at an air carrier airport 

Airport identified as potential candidate 
for air traffic control services or navaids 

Airport with ATC tower 


C-2 
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TABLE C-l 

TYPICAL 

CENTER - 

1985 

TRAFFIC 

ACTIVITY 

FORECAST 


TABLE C-ll 

SUMMARY 
OF 1985 
TRAFFIC 
ACTIVITY 
FORECASTS 


TABLE C-l 1 1 

BUSY HOUR 
OPERATIONS 
EXTRAPOLA- 
TED INTO 
AIRCRAFT 
MIX- 
1965-1985 


Typical 

Center 

\ Typical 
\ Sector 
OA'V 

tow M«t HioS 

Av Sector 
Area 
jq miles 

[00 sq. mi. 
Units 

Peak Minute 
General 
Aviation 
Traffic 

Peak Minute 
Air Carrier 
Military 

Traffic 

Peak Minute 
GA 

under Center 
Survoillonce 

Peak Minute Air 
Comar & Military 
under Center 
Surveillance 

Soil Luke 
Center 

Low GA 
High Altitude 
Through 

17,300 

173 

0 313 

0 085 

1139 

307 

Oaklond 

Center 

Low GA 
Transitioning 

1,170 

11 

6.2 

1 02 

2449 

406 

Ooklcnd 

Canter 

Low GA 
Lew Altitude 
Through 

18,750 

186 

0 384 

0.06 

- 

- 

Komot City 
Canter 

Med GA 
High Altitude 

18,200 

182 

1.68 

0 033 

8544 

412 

Kansas City 
Center 

Med GA 
Transitioning 

7,600 

78 

3.92 

0.19 

- 

- 

Houston 

Center 

Med GA 
Lew Altitude 
Through 

9,700 

97 

080 

0 08 

3034 

303 

Chicago 

Canter 

High GA 
Transitioning 

770 

7.7 

17 

1.4 

5382 

454 

Cleveland 

Center 

High GA 
Low Altitude 
Through 

3,400 

M 

4.2 

040 

4360 

457 J 


Average 1935 
Peak Minute 
GA Aircraft 
Under Center 
Surveillance 

Average 1985 
Peak Minute 
Military 6. 
Air Carrier 
Under Center 
Surveillance 

Average 1985 
Peak Minute 
GA 

Spread 
per 100 nmi* 

Average 1925 
Peak Minute 
Military & 
Air Carrier 
Spread 
per 100 rvni 

1985 Peak 
Hour General 
Aviotion Hub 
Activity 

1985 Peak 
Hour Military 
& Air Carrier 
Hub Activity 

1139-8544 

303-457 

0.3-17 

0 06-1.4 

913-5985 

66-502 


Forecast Factor 

Highest Activity 
New York 

Moderate Act 
Detroit 

vity 


Mini 

C 

mum Ac 
ncinno 

tivity 

• 


1965 

1970 

1975 

1980 

1985 

1965 

1970 

1975 

1980 

1985 

1965 

1970 

1975 

1980 

1985 

Busy 

Air 

Carrier 

176 

213 

277 

372 

502 

40 

41 

57 

69 

81 

20 

27 

37 

50 

66 

Hour 

Operations 

GA 

1130 

1962 

2923 

4365 

5985 

408 

681 

1035 

1607 

2519 

194 

24? 

389 

611 

913 


A 

67 

83 

107 

133 

161 

10 

13 

16 

18 

20 

4 

7 

10 

11 

12 

Air 

Carrier 

8 

109 

130 

170 

239 

341 

30 

28 

41 

51 

61 

16 

20 

27 

39 

54 


GA3(C) 

7 

79 

199 

360 

556 

2 

30 

77 

145 

236 

1 

6 

16 

32 

53 

Aviation 

GA1 

GA2 

(D-E) 

1123 

1880 

2724 

4005 

5429 

406 

651 

958 

1462 

2283 

193 

243 

373 

579 

860 

General 
Aviation 
to Air 
Carrier 
Ratio 

GA1, 

GA2, 

GA3, 

Air 

Carrier 

1 




12/1 

1 




31/1 

1 



18/1 

14/1 

Air 

Carrier 

Growth 

GA3, 

Air 

Carrier 

1 

• 



3/1 

1 




2/1 

1 



2.5/1 

3 3/1 

GA 

Growth 

GA1, 

GA2 

1 




5/1 

1 




6/1 

1 



3/1 

4.7/1 
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VTOL/STOL airports were not considered in the FAA forecasts [Ref 57 ] and have not 
been added to the data appearing in TableC-lll. 

The large hubs which were selected for the aircraft activity forecast were 
New York, Detroit and Cincinnati. Of. the twenty-two large hubs. New York is the 
most active, Detroit the tenth most active, and Cincinnati the least active. 

The number and types of airports vary with each large hub. All air carrier 
airports are assumed to have ATC manual control towers which are capable of providing 
departure and approach service. As a result, large hub air carrier airports frequently 
must support the reliever airports, those airports without departure or approach control. 
The numbers which precede the airfield designators appearing below indicate the number 
of airfields of the type listed to be found within the hub. 

New York (L) (Highest Activity) 

Airport types and number in the hub: 


3 

AC (T) 

(LaGuardia, J. F. Kennedy, Newark) 

2 

AC (T) R 

(Islip, White Plains) 

2 

GA (T) R 

(Teterboro, Morristown) 

1 

PR 

(Linden, N. J.) 

6 

R 

(Caldwell, N. J.) 


Detroit (Average Activity) 


Airport types and number in the hub: 


1 AC (T) 

1 AC (T) R 

2 GA (T) R 

1 P 

2 R 


(Metropolitan) 

(Willow Run) 

(Detroit City, Pontiac Municipal) 
(Pontiac) 

(Grosse lle/Flat Rock, Plymouth) 
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Cincinnati (L) (Lowest Activity) 

Airport types and number in the hub: 

1 AC (T) (Greater Cincinnati) 

1 P R (New Cincinnati Airport) 

1 GA (T) R (Cincinnati Municipal) - 

Analysis shows that the activity experienced within the New York Hub during 
1965 is representative of what will be experienced at Detroit in 1980. Cincinnati is 
expected to experience in 1980 the traffic load experienced at Detroit in 1965. Thus if 
is possible to forecast Detroit's needs of 1980 by looking at New York's problem today. 
Similarly, a 1980 Cincinnati traffic activity will approximate that of Detroit in 1965. 

From this discussion it can be seen that if implementation of area navigation capability 
can solve the traffic saturation problem in New York in 1968, if will provide a 1980 
solution for Detroit and Cincinnati. (Recall also that there are 9 hubs larger than Detroit.) 
The second design implication is that VTOL and STOL aircraft should utilize facilities 
other than those required by CTOL. Access to rural strips and reliever airports is manda- 
tory. 

C.2 NAVIGATION REQUIREMENTS 

Navigation requirements, in terms of system 3cr accuracy, are generated from 
six related sources: 

(1) traffic activity forecasts 

(2) flight plan control (ETA) 

(3) separation standards and surveillance needs 

(4) approach and landing criteria 

(5) all-weather landing criteria 

(6) radar surveillance data complement 

The navigation accuracy constraint is given in terms of the vector: 
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ct at 

ct ct 

ff h 


a 


A 


where 


a AT 

a CT 

ff h 

a A 


= 3ct along track error 
— 3or cross track error 
= 3 a altitude error 
= 3c heading error. 


The navigation equipment accuracy is specified by the above vector. 
Throughout the derivation of the navigation requirements, the along track, cross track, 
and altitude components are derived from the following equations: 


where 


ct at 

°CT 

CT h 

S AT 

S CT 

S h 


= l/10s AT 
= ^Z 10 S CT 
" 1/10 $ h 

= an along track distance 
- a cross track distance 
= an altitude 


The 1/10 factor is used to define navigation equipment errors which will be 
insignificant with respect to: 

(1) flight technical errors 

(2) human blunders 

(3) display instrumentation, control and guidance errors 
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This constraint was made significantly stringent so that the requirements would be 
maximum and safety factors could be incorporated. 

C* 2. [ Navigation Requirements - Traffic Activity Forecasts 

Traffic activity forecast Inputs to the definition of navigation requirements 
were computed from three data sources: 

(1) 1985 peak minute density (overs, departures, and 
arrivals) per 100 square nmi 

(2) 1985 peak minute densities (overs, arrivals, departures) 
under surveillance per ATC center 

(3) 1980 peak hour operations (arrivals, departures) with- 
in a Large Hub. 

The aircraft classes, because, of performance limitations or ATC constraints, 
are restricted to the general speed and altitude regimes: 

General Aviation; GA1, GA2 
speed « 180 kts 
altitude ~ 6 kft to 11 kft 

Military, Air Carrier, and GA3 

(1) speed « 300 kts 
altitude = 11 kft to 18 kft 

(2) speed =; 600 kts 
altitude = 18 kft to 45 kft 

Along track and cross track navigation accuracy and performance require- 
ments were derived from the following equations: 

"AT = 1/10 S AT 
"CT = ,,/10 S CT 
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S AT along track separation 
= cross track separation 


Table XVIII (Section 3.5, Volume II) summarizes the results. 
Case 1: Peak Minute 100 sq nm? Density 
General Aviation: 

(1) g = GA aircraft density 
g < 1 per flight level 

(2) s^-j. = 10 nmi 

(3) s^y = min [ (5 min) V, J 


(4) 


g > 1 per flight level 

_ Area . 
S CT inf (g/FL) s 


AT 


(5) = V (5 min) 


where: 

Area = 100 sq nmi 

V = aircraft speed as a function of altitude regime, 180 kfs 

FL = number of flight levels, 11 between 6,000 ft and 11,000 ft 

min [a, b] implies a or b, whichever is minimum 

Air Carrier : 

(1) p = air carrier and military aircraft density 
p < 1 per flight level 

(2) = 10 nmi 

(3) s AT = min [ (ta) V, ] 

p > 1 per flight level 
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(4) 


CT 


Area 

7nt (p/FL) 


1 

S AT 


(5) 


S AT = Vta 


where: 

2 

Area = 100 nmi 

V = aircraft speed; 300 kts (1 1,000 ft to 18,000 ft), 

600 kts (FL 180 to 450). 

FL = number of flight levels, 15 and 19 respectively 

fa = 5 minutes and 15 minutes per low altitude 
and high altitude, respectively 

Case 2; Center and Hub Aircraft Densities 

Arrivals and Departures: 

A 

S AT S CT ~ TT f A g + Ac + Av + As] [T D + T^] 
where: 

2 

A = Hub, Center area nmi 
N = number of aircraft under surveillance 

Ag, Ac, Av, As = number of general aviation and commer- 
cial airfields, vertiports and stolports respectively 
within the Hub 


Tq, T a - number of departure and arrival tracks respectively 


Overflights: 

General Aviation: 

! at Sct = ) FL 

where:n^j = number of GA IFR flights 
n v = number of GA VFR flights 
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FL - number of GA flight levels (10) 
o AT = ^ (in minutes) 

Aircarrier and Military: 

A (FL" + FL + ) 

S AT S CT (n + n + n + n ) 
m c v s 

where: 

= number of military IFR, VFR flights 
n^ = number of CTOL IFR, VFR flights 
n^ = number of VTOL IFR, VFR flights 
n^ = number of STOL IFR, VFR flights 

= V (5 minutes), V (15 minutes); low altitude and high 
altitude respectively. 

FL“ = number of Flight Levels 11 kft to 18 kft 
FL + = number of Flight Levels FL 180 to FL 450 

c. 2. 2 Navigation Requirements - Flight Plan Control 

Estimated time of arrival at a fixed waypoint is one of the principal means of 
coordination between the aircraft flight profile and the traffic control system. The way- 
point can be located in the enroute airspace in the terminal area, or in a holding pattern. 
The pilot complies with the submitted and approved flight plan by monitoring his own 
ETA to the next waypoint. The traffic control system, for its part, resorts to surveillance 
data to estimate the aircraft's arrival at the assigned waypoint. When the traffic control 
system utilizes surveillance data derived from the airborne system as well as ground based 
computer flight plan data, ETA is the variable which measures system performance. 

Errors in the variables used to compute ETA are factors which help to define 
system requirements. By specifying the tolerance on ETA that is acceptable to the traffic 
control system for safely controlling the flow of traffic, system requirements can be 
further specified. 

The four geometric systems which are employed by user aircraft are the 
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rho-theta system , along frack/cross track system , rhumb line , and great circle system . 

With suitable signal processing, these coordinate systems generate aircraft steering 
signals for control of the aircraft in the horizontal plane. Conventional guidance signals 
which the pilot uses to update the aircraft steering signal are cross track distance or track 
angle error, both of which are expressions relative to desired course or track. To further 
determine the aircraft's status along a given track, the pilot requires knowledge of 
distance-fo-go. To comply with a pre-submitted flight plan, the estimated time of 
arrival at the next waypoint is then computed from distance-to-go, ground speed and . 
present time. 


The expression for ETA is derived independently of the navigation system of 


equations. 


V = ETA 

„ - DTG 
■ v V 

DTG = l (p 


+ t 


OD a AT ; 


■r + (y CT ) + (A zD 


2 , 1/2 


where: 

DTG = distance to go 
pQ^ = initial leg length 

x^ = along track distance 

y^-j. = cross track distance 

Az = altitude difference between aircraft position and 
waypoint command altitude 
t = time 


Linearizing the equation, assuming differentials to be gaussian random 
variables with zero mean, and computing the variance of ETA, yields the error equation: 


[ <V/ + (C 2%) 2+ «Va/ + <Vp, 


OD 


+ (C 5 „ CT ) 2 + (C 6 „ h ) 2 ] '/ 2 
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The navigation requirements in terms of cross track error o^,^, and along 
track error cr^y , can be computed from the error equation. By selecting a , evaluating 
the coefficients, the system error budget is computed. 

To define the navigation equipment errors, a ratio of 1/10 is used. The 
statistical addition of the navigation equipment errors to other system errors will result 
in an insignificant contribution from the navigation system. Therefore, the equipment 
errors will be insignificant when compared to: 

(1) flight technical errors 

(2) human blunders 

(3) display instrumentation, control and guidance errors. 

Current air traffic control practice is used to specify ETA. Current IFR flight 
plans must be maintained to a coordination factor value of + 3 minutes of ETA. Therefore: 


C-12 



PMSf—TR— 69-030 1 —III 


a =1/10 ETA 
V 

= 0.3 minutes for air carriers 

and 

a = 1/10 (6*) 

= 0.6 minutes for general aviation 

To evaluate the heading accuracy requirement, the following equation is 

used: 

^CT 

°A DTG 

To evaluate the ground speed accuracy requirement, the following equation 

is used: 

»v = ^r. x 100 

where AV = 10 kts, true airspeed 

The value of AV is based upon the current traffic control practice, viz. that 
aircraft true airspeed must be within + 10 kts below FL 180 and + 0.01 Mach no. (approxi- 
mately 6 kts TAS) for jet aircraft to maintain the 1FR flight plan. 

Table XIX, Section 3.5, Volume II summarizes the results. Table C-IV presents 
the sensitivity coefficients which were computed for the following data. 

Case 1: GA1, GA2 

Conditions for computing general aviation requirements are: 

(1) VFR controlled airspace 

(2) V = 150 kts 

(3) " DTG = 20 nmi, based on VOR(T) nominal range 

(4) track angle = 2° 


* Representative of the capability of General Aviation VFR-rated pilots. 
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TABLE C-IV 

NAVIGATION SYSTEM 
REQUIREMENTS - 
ETA SENSITIVITY 
FACTORS 


Case 2: GA3, CTOL, STOL, VTOL, SST (low altitude) 

(1) IFR in low altitude (12,000 ft to FL 180) controlled enroute airspace 

(2) IFR in high altitude (FL 180 to FL 450) in controlled enroute airspace 

(3) V = 300 kts (low altitude) 

(4) V = 480 kts (high altitude) 

(5) DTG = 35 nmi, based on VOR(L) nominal range 

(6) track angle = 2° 

Case 3; SST 

(1) IFR in high altitude (> FL 450) controlled airspace 

(2) V = 1200 kts 

(3) DTG = 600 nmi, based on report points every 10° of longitude 

(4) track angle = 2° 

C.2.3 Navigation Requirements - Separation Standards and Surveillance Needs 

Navigation requirements can be further derived from traffic control separation 
requirements which are specified in traffic control procedural manuals. The FAA estab- 
lishes separation requirements throughout all controlled airspace, terminal area departure 
and arrival, holding patterns and enroute airspace. Factors which determine the sepa- 


. Sensitivity 

^NsTaetor 

ETA 

Time 

Synch 

ETA 

Speed 

Error 

ETA 

Crass 

Track 

Error 

ETA 

Leg 

Length 

Error 

ETA 

Along 

Track 

Error 

ETA 

Altitude 

Error 

a 

tt 

User 1 
a CT 

nmi 

equiremen 

"AT 

nmi 

"A 

deg 

GAI, GA2 

1 

8 

0 014 

0.40 

040 

3x 10~ 7 

06 

05 

05 

1 4° 

GA3, CTOL Jet 
VTOL, STOL, SST 
(Low altitude 

enroute) 

1 

7 

0.007 

0 20 

0 20 

.O' 7 

0 33 

05 

1 1 

0 8° 

GA3, CTOL Jet, 
VTOL, STOL 
(High altitude 
enroute) 

1 

47 

0 005 

0.13 

0.13 

l<f 7 

0 33 

0.5 

2 3 

0 8“ 

SST 

1 

20 

0.002 

0 05 

0 05 

0 5x 10' 7 

0.33 

1 6 

4 4 

0 15° 


Also for terminal area with Alt < 10,000 ft. equal to low altitude enroute 
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ration requirement values include these: (1) whether traffic is converging or diverging; 
(2) whether traffic is crossing at the same altitude levels; and (3) relative speeds (rate of 
closure) of all same-track aircraft. Separation requirements/ expressed in terms of cross 
track separation (nmi)/ along track separation (minutes); and altitude separation (ft) are 
translated into navigation accuracy requirements by applying the 1/10 ratio. These 
requirements, in terms of time, become navigation requirements if the vehicle speed is 
known. 


"AT = 1/10 5 AT 
"CT = 1/, '° S CT 
"h = 1/10 S h 


where: 


S AT 

S AT 

T AT 

s h 

V 


VT 


AT 

along track separation distance 


along track separation time 
altitude separation distance 
aircraft speed 


The rationale for using existing separation requirements to aid in defining 
NAVTRACS navigation requirements is that the separation requirements have evolved 
from the existing safe system. Other alternatives (Section 3. 1.4.2) can increase 
system capacity without extensive changes in the safe separation standards. Therefore, 
the navigation data, linked to the ground system, refines aircraft surveillance data' 
for all aircraft cross sectional area and, weather conditions. This can do much to 
decrease the controller's workload, and leads to increased capacity. Therefore, 
separation requirements of the existing system supply a realistic input to the 
definition of navigation requirements. 

Table XX (Section 3.5, Volume II) summarizes the navigation requirement 
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factors that are derived from separation standards and surveillance data. 


C .2.4 


Navigation Requirements - Approach and Landing Criteria 


Another input to the definition of navigation requirements is provided by 
approach and landing requirements. As a minimum,, the navigation system must provide 
accuracy sufficient to permit the pilot to fly the aircraft to a point where the landing aid 
is intercepted. The envelope of this point, then, serves as one measure in defining the 
navigation system accuracy requirement. This approach-related requirement becomes a 
tighter constraint on the total navigation system requirement if the accuracy of the 

navigation system must also be acceptable for landing. The landing requirement is 
derived from the size of the runway width or the VTOL pad diameter. The accuracy 
requirement in both cases must specify a sufficiently broad spectrum of signals to properly 
drive the aircraft dynamics. 

Thus, for approach, 

"at = ,//W S AT 
"CT = 1/10 S CT 
% = ,/I0 s h 

where: s^y = along track spacing set by approach control 

= cross track distance at a point in the landing beam envelope 
s^ = vertical distance at a point in the landing beam envelope 


Case 1: AILS Geometry 

At 15 nmi from the runway, the glideslope envelope requirements are: 
■ s^.^ = +_ 0.6 nmi; = + 400 ft 


Case 2: ILS Geometry 

At 20 nmi from the runway, the glideslope envelope specifies: 
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s^ - +_ 3.3 nmi . 

% = + 400 ft 

For landing, the runway and pad sizes set the requirement: 

STOL, CTOL, SST, GA3 runway width = 150 ft 
VTOL landing pad diameter - 50 ft 

Tables XX and XXI , Section 3.5, Volume !!,summarize the navigation 
requirement data generated by the approach and landing constraint. 

C.2.5 Navigation Requirement - All-Weather Landing Criteria 

Positional navigation requirements can be derived from the all-weather 
landing requirements. The legal minima for instrumented runways specify runway 
visual ranges and action decision heights for all-weather landing. The runway visual 
ranges and decision heights can be translated into along-track navigation requirements; 
the decision height into altitude requirements. The runway width, or VTOL pad diameter, 
determines cross-track constraints. 

Thus, 

’at = 1/10 S AT 
’CT = V '° S CT 
"h = 1/10 ! h 

where: s^y = runway visual range 

$£-|- = runway width, or VTOL pad diameter 
= decision height 

Table XXI , Section 3.5, Volume 1 1, summarizes the all-weather landing 

requirement. 

C.2.6 Navigation Requirement - Taxiway Requirement 

Another input to the specification of navigation requirements is taxiway 
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width. CTOL, STOL, SST and GA3 taxiways are nominally 75 ft wide. The taxiway 
width of a typical vertiport is predicted to be 50 ft. The navigation requirement, then, 
is: 

a AT = 1//2 S CT 
a CT = 1//2 S CT 

where: s^.^. = taxiway width 

These navigation requirements are tabulated in Table XXI , Section 3.5, 

Volume II. 


C.2.7 Navigation Requirement - Accuracy Relative to Surveillance Radar 

Navigation requirements are also determined by the accuracy attained by 
surveillance radars. As a minimum, an advanced area navigation/traffic control system 
would supplement the radar surveillance data with the airborne derived aircraft position 
data. Such a service would afford completeness in coverage for varying weather con- 
ditions and varying cross sectional areas. The radar surveillance data, range and bearing, 
must be converted to position information in the aircraft geometric system of navigation. 
The position accuracy is the factor providing the navigation requirement constraint. 

Thus, 


^AT CT CT CT RADAR 


where: - 3a aircraft position error derived from radar data. 


Radar Surveillance Fixing Errors: 

Component errors: 

Surveillance radar azimuth angle error 
Surveillance radar siting error to True North 
Train and elevation siting errors 
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Vertical anomalies in siting 
Radar range resolution 
Radar site/center parallax errors 
Radar siting errors to center 

Processing: 

Beacon processing 
Primary radar processing 

Display: 

Display range resolution 
Display bearing resolution 
Display trace area 
Display trace electronic processing 

Tie-in to Area Navigation System 

Relative position errors to the center. 

The following errors are typical of current ATC equipment: 

ASR-4 (S band) 

Beamwidth 1.2° 

Range Resolution 0.083 nmi. 

Targets on scope 

707-727 aircraft bloom to 3.5° bearing and 0.5 to 0.75 
nmi range 

Controller can see center of target to 1° azimuth and 
0.062 nmi range 

ARSR (L band) 

Beam width 2° 

Range Resolution 0.167 nmi 
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Targets on scope 
5° bearing 
1 nmi range 

Controller can read center of target to 1.5° to 2° 
azimuth and 0. 125 to 0.25 nmi range. 
Beacon Processing of Secondary Radar 

Center digitally tot. 0.25°, range to 0.033 nmi. 
With improvements to* 0.25° range to 0.01 nmi. 

Radar Processing 

Bearing to 0.20° and range to 0.062 nmi. 


The Flight Information Manual requires fixing to CEP = (500 ft, 3% R) 
whereR is range to known station. Experimental data shows a JFK fix of 1 nmi at 
105 nmi. 

Table C-V summarizes the worst case conditions. The ARSR target is 200 nmi 
from the surveillance radar, and the ASR target is 50 nmi from the surveillance radar. 


Table XXII, Section 3.5, Volume II summarizes this particular navigation 

requirement. 


Table C-V 

RADAR FIXING ACCURACY 


Rodar 

Case 

Itr Aircraft Position Error 


At Sits 

3 6 nmi 

ARSR 

At C«nf®r 

3.6 nmi 


fVoc«*sfng 

3 6 nmi 


Display 

8.5 nmi 


At Sit® 

0.7 nmi 

ASR 

At Cantor 

0 7 nmi 


Processing 

0.8 nmi 


Display 

2.7 nmi 
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C.3 COMMUNICATION REQUIREMENTS 

Air Traffic Control system communications include air-to-ground surveillance 
reports, requests for acknowledgement of commands, identification, and advisory messages. 
The ground-to-air messages include command, acknowledgements, identification and 
advisory messages. Section 3.6, Volume II, defines message content and bit require- 
ments. 

Bandwidth requirements depend upon the number of users in the system at a 
given instant of time. The system communications capacity in bits/sec is computed from 
the number of users in the system at a given instant of time, the user speed and the 
airspace in the terminal area. The airspace is organized into arrival, departure and 
enroute tracks. 


C. 3 . 1 Communication System Capacity 


The system capacity is defined by the equation: 
N^ (Bits per user) 

Q ■_ 

Interrogation Rate 


where: 


C = system capacity in bits/sec 

^A = number of instantaneous users requiring service 


The interrogation rate is the time interval required by the traffic control and 
surveillance system to adequately define vehicle position - both present position and 
forecast position. Rates differ according to type of aircraft class. 


Air carrier C - 1,000 bits/sec 
General Aviation C = 21,000 bits/sec 


as developed in the 
following subsections 


C.3. 1.1 Number of Users Requiring Service 

The number of users requiring service, N^, is computed in a steady state 
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system from the peak hour operations expected in rne system. It can be shown that . . . 


O 

L N 


n a= V 


o 

where: N = busy hour operations 
V = steady state speed 

L = the' length of arrival, departure and enroute tracks 
in the terminal area, nominally 50 nmi 


The worst case, as presented in Table C-3, is given by the busy hour opera- 
tions, expected in New York in 1980. 

o 

N = 372 (air carrier) 

O 

N = 4,365 (general aviation) 


The operations are divided into arrivals, departures, low enroute and high 
enroute code settings. 


C.3.1.2 Interrogation Rate 


The interrogation rate strongly influences the data link bandwidth requirements. 

Tradeoffs to decrease the interrogation rate for a single aircraft include: 

(1) Code set - arrivals, departures, ground traffic, enroute -low, 
enroute-high, flight level 

(2) Ground system dead reckoning - ground computation of 
aircraft position computed from the last surveillance 
report, and the aircraft flight plan 

(3) Compliance with the flight plan - per the Limit Logic concept 
which enables tighter flight plan- tolerance 

(4) Channel allocation 

Table C-V! summarizes the interrogation rate tradeoff based on ground dead 

reckoning. 
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TABLE C-VI 

TERMINAL AREA INTERROGATION RATES 


Code 

Unit 


Interrogation Rate - sec - Sampling Criteria 

Speed 

0. 1 nmi 
min accuracy 

GND DR 
1 nmi 

G-ND DR 
2 nmi 

Arrival - 
Destination 

300 kts 

(0.14 nmi/sec) 

1 

7 

14 

Departure - 
Desti nation 

300 kts 

(0. 14 nmi/sec) 

1 

7 

14 

Enroute- 

Low 

300 kts 

(0. 14 nmi/sec) 

1 

7 

14 * 

Terminal 

Area 

150 kts 

(0.04 nmi/sec) 

2.5 

25 

50 


For comparison, the sampling rate of Secondary Surveillance Radar is: 

6 rev/min = 10 sec 
18 rev/min ~ 3 sec 

A nominal interrogation rate of 10 sec for both general aviation and air carrier 
aircraft has been used for the purposes of the following calculators. 


C.3.1.3 Data Link Bandwidth Requirements 

Case 1: General Aviation 

Speed: 150 kts 

N A : 1455 

A 

Message Content: 145 bits (Section 3.6) 
C = 21,000 bits/sec 
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Case 2: Air Carrier 

Speed: 300 kts 
N a = 62 

Message Content: 162 bits (Section 3.6) 

C = 1,000 bits/sec 

These bandwidth requirements are worst case conditions, but can be accommo- 
dated with a VHF channel and certainly a UHF channel. Tradeoffs in interrogation 
rates and in message content can reduce the required communication capacity of general 
aviation aircraft to 4,000 bits/sec. 
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APPENDIX D 

PILOT WORKLOAD ANALYSIS 


To understand the need for automation of navigation and communication func- 
tions and equipment operation, it was necessary to develop an appreciation of the tasks 
performed today by aircrew personnel in managing their aircraft. 

The workload methodology was based on four sources of information: synthe- 
sized task times experimentally determined in pilot studies (Ref. 75) which specify pilot task 
time in performing mechanical functions; results of a series of field trips in which aircrew 
personnel were aarefully questioned about the manner in which they performed their iobs; 
the refinement of certain workload and pilot utilization estimators developed by personnel 
of this organization; and data obtained from a series of simple, timed, ( paper and pencil tests 

i 

utilizing a paper cockpit mockup. The subjects were licensed aircrew personnel, each of 
whom had significant experience with the tasks under investigation. 

The resulting information provides the baseline workload estimates for the 
remainder of the study, aspects of which are reported on elsewhere in this document. 

Two present-day aircraft, a four-engine CTOL jet transport and a single- 
engine GA2 aircraft, provided the baseline information. The pilot tasks in the CTOL jet 
were assumed to be sufficiently like those of the sophisticated GA3 aircraft that an 
assessment of GA3 was not made. Task times for GA2 aircraft were assumed to be suffi- 
ciently like those of GA1 that a separate workload assessment was felt not to be 
necessary. 

Operator tasks and task times for the VTOL and STOL aircraft were developed 
from a review of NASA documents and similar literature. Workload for the SST aircraft was 
developed from an extrapolation of operational experience of PNSI personnel, review of 
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ARINC documents and airframe manufacturers 1 documents, and the results of an on-going, 
in-house study of Concorde performance utilizing an IBM 360-44 computer. In summary, 
pilot monitor and control workload estimates were prepared for four aircraft types (Tables 
D-VII, D— VI 1 1, D-IX and D-X); task times were estimated for the communications task 
(Tables D-V and D-VI); and for twenty navigation-related tasks (Table D-III). 

D. 1 PILOT/WORKLOAD MODEL 

The pilot workload analysis requires a model of the human operator. Pilot 
performance was evaluated for the aircraft control and monitor, navigation management 
and pilot/ATC communications tasks utilizing the rationale presented in the following 
paragraphs. Experienced aircrew personnel were utilized as subjects. 

D . 1 . 1 Ope r ator Transf er Function 

Reference 76 provides a general low-bandwidth system transfer function: 

K (1 + T.s) e 

G(s) = — ± 

(1 + T^s) (1 + T^s) 

where = operator anticipatian time constant, 0 to 2.5 sec. 

= operator error smoothing lag time constant, 0 to 20 sec. 

T|^j = operator short neuromuscular delay, 0.08 to 0. 12 sec. 

K = operator gain, 1 to 100 
D = operator transportation lag, 0.16 to 0.24 sec. 

Generally, this linearized transfer function provides a model of a motivated. 
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well-trained operator in performing simple tasks such as closed loop tracking utilizing 
compensatory displays. 

Event sequence times, incorporating the visual, manual and audio task 
times, were developed for this study from extensive operational experience. 

D .1.1.1 Human Response Times 

The time delay is given by time elapsing prior to pilot responding to display 
information [Ref 71]: 

Reaction time depends on: 

Age: 20-40 years. 

Sense: aural visual. 

Stimulus intensity. 

Practice, 

Preparedness, 

Motor Unit responding 

Speed of Perception to Action: 


Brain perception of what eye sees 

0.1 

Cognition 

0.4 

Decision 

4-5 

Motor response 

0.5 

Vehicle reaction 

2+ 


7-8 seconds 

Response Latency: 

Go/No Go situation 

0.2 

Response rate for successive stimuli 

0.1 

Reaction time for simple muscular 
movement 

0.22 


/ 0.23 to 0.30 seconds 


0.5 seconds 
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D . 1 . ] .2 Operator Execution Times 

Table D-1 lists operator execution times and standard deviations for the 
execution times [Ref 75J used in development of the pilot workload estimates appearing 
in this Appendix. 

TABLE D-1 

OPERATOR EXECUTION TIMES 


Operator Action 

Average 
Execution Time 
sec. 

Average 

Standard Deviation 
sec. 

Set Toggle Switch 

1.1 

0.76 

Set Detent Selector Switch 

2.1 

0.51 

Set Rotary Control 

8.6 

3.00 

Set Thumbwheel 

8.6 

3.00 

Push Button (or Foot Switch) 

4.2 

1.02 

Key Board Push Button, N digits 

3.2+ 1.1 N 

1.1 + 0.4 N 

Lever (Throttle Setting) 

3.0 

0.48 

Joy Stick Setting 

3.8 

0.48 

Read Instruments, N Instruments 

0.6 N + 0.6 

0.2 N+ 0.2 

Communication, N Words 

0.66 N+ 0.6 

0.34 N + 0.4 

Ignore Nonessential Subtask when 
Situation is "Highly Urgent" 

0.6 



D.J.1.3 Synthesized Task Times 

Operator experience in association with the above execution times, visual 

f 

scan times, communication times and response times were combined to provide the 
navigation management, communication management and pilot task times. 
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Task times were developed and then subjected to review by experienced 
professional airmen. 


D . 1 .2 Operator Workload Model 


Two figures of merit were applied to quantify workloading: 

(1) task time 

(2) operator % utilization 

Workloading was first assessed for operator defined task times. Subsequently, a figure of 
merit was devised based on % utilization of the operator's faculties. This figure of merit 
was computed from the equation: 


(1) % Utilization 


Task Utilization 
Total Utilization 


where Task Utilization = weighting factor per task; 

Total Utilization = weighting factor for % utilization of the 
operator's total faculties 

Table D- II identifies the weighting factors/ As an example, the task which requires 
one hand and voice use yields: 

% Utilization = x 100 = 54% 

Total utilization depends on crew composition and crew functions. 

Use of total faculties dictates that: 

Pilot/Copilof Total Utilizati on = 28 
Navigator Total Utilization = 20 


* Reference (77) substantiates these weighting factors. 
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TABLE D-ll 

OPERATOR UTILIZATION CHART 
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To compute average % utilization for a series of tasks, the operator utilization must be 
averaged over the complete task interval. Therefore: 


(2) Average % Utilization 



U dt 


where T - the total period 

U = task utilization factor fn terms of percentage 


D .2 NAVIGATION MANAGEMENT - TASK, EXECUTION TIME AND 

% UTILIZATION ESTIMATES (See Table D-1II and D-IV) 

All task times and workload assessments reported in this study were based on 
carefully evaluated opinion of experienced aircrew members. Utilization of the private 
pilot in the performance of comparable tasks was increased by a factor of one-third to 
one-half, depending upon an assumption regarding experience and proficiency of the 
pilot. The effect on task times of inflight emergencies was not considered. 


D.3 COMMUNICATION TIMES - NON -AUTOMATED SYSTEM (See Table D-V) 

The communication times appearing in Sections D.3. 1 and D.3.2 are the 
baseline estimate for message times for the Event Sequence Diagrams shown in Appendix A. 


D:3. 1 Typical Air-to-Ground and Ground-to-Air Communication Times_for 

VFR Flights 

The use of voice air-to-ground (A-G) and ground-to-air (GA) communica- 
tions is now the standard means of transferring data from the pilot to the controller and 
vice versa. As radio frequencies become more congested, the total time a frequency is 
in use for A-G and G-A communications becomes a matter of concern. This section gives 
typical examples of A-G and G-A communications occuring on a VFR flight. The 
execution time for these A-G and G-A communications is also listed. (See Table D-V.) 
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TABLE D-lll 

NAVIGATION MANAGEMENT TASK SUMMARY 


Minimum Automation 
Navigation Management Event 

Task Time, sec. 
Ave . Min . 

% Utilization 
Pilot Navigator 

In Flight Weather Evaluation 

794 

395 

26.6 

37.33 

Inertial Navigation System Management 

597 

238 

32.6 

45.71 

Doppler/Computer System Management 

819 

492 

27.4 

38.4 

Loran A Manipulation 

220 

94 

35.8 

50.1 

Loran C 

265 

255 

26.3 

36.8 

Automatic Direction Finder 

234 

134 

28.6 

40.0 

Fixing Radar 

416 

244 

31 .7 

44.4 

Weather Avoidance Radar 

179 

86 

27.4 

38.3 

VOR/DME 

245 

139 

26.5 

37.1 

CLC Management 

194 

117 

23.9 

33.5 

Determination of Magnetic Course 

146 

72 

33.4 

47.5 

Altitude Change Enroute 

168 

99 

26.1 

36.6 

Monitoring Flight Plan Enroute 
(Fuel Management) 

455 

170 

39.3 

55.0 

Copying and Acknowledging ATC 
Clearances (Oceanic) 

124 

59 

28.6 

40.0 

Turbulence Penetration 

17 

9 

19.4 

27.9 

Reroute by ATC During Enroute Phase 

353 

200 

31.6 

44.2 

Radar identification in Transition Zone 

92 

74 

28.6 

40.0 

Altitude Change in Transition Zone 

55 

34 

26.8 

37.5 

Navigation Management in Transition Zone 

745 

466 

34.4 

48.2- 

*NavIgation Management of MMD 

73 

73 ' 

28.6 

40.0 


*No frack monitor function 


D.3.2 Typical A-G and G-A Communication Times for IFR Flights 

Table D-Vl gives examples of typical A-G and G-A voice communications 
required for navigation and control of the aircraft during a typical IFR flight. 


D.4 PILOT CONTROL AND MONITOR TASKS 

Tables D-VII through D-XI tabulate pilot and copilot manual control and 
visual tasks. The event times relate to the missions and aircraft flight profiles illustrated 
in Section 2. Communication and navigation management tasks are purposely omitted 
from the scheduled tasks, so that an estimate of the residual workload experienced by the 
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TABLE D-1V 

NAVIGATION MANAGEMENT - MINIMUM AUTOMATION 





Utilization 





Event 

Talk 

Time 

Factor 




Utilization 






Event 

Task 

Time 

Factor 

In Flight Weafhir Evaluation 


1.2 

3 




Check a/c positron 

1.8 



1.8 

3 


3 


8-100 

8-11 


Mate* in flight weather observation 

10 

3 



20 




15-30 

8 


Plot DR position 

11 






Plot fix 

60-240 

IT 


Make in-flight weather 




30-60 



measurements (temp; w/v) 

1 0-60 

3 


Revise STE (across track error) 

11 


Record 

5-10 

8 


Determine along track error 

10-30 

11 


Report 

25-60 

2 


Calculote course change 

10-45 

11 


Get forecast (either previously 




Initiote course change 

4 3 

8 


obtained or by radio) 

30-300 

8 


Correlate hdg , drift, and track in 




Modify forecast 

60-120 

11 


auto coupled mode 

7 4-10 

3 


Modify ground speed if necessary 

15 

11 


Reset distance along track 

4 3 

^ Update 


Modify eto as necessary 

60 

11 


Reset cross tradk indication 

43 

8 


Modify fuel calculators 

60-120 

11 


Reset required track, trouble shoot 

43 

8 


Recalculate drift (general aviation) 

45 

n 


Recycle breakers 

4 2 ea. 

8 


Recalculate hdg. (general aviation) 

5-60 

n 


Switch off Ond on 

1.1 

8 


Copy forecasts 

60-300 

8 


Check eta way point 

30-90 

8 



794 sec 



Record 

3-5 

8 


Ave 



— 


Max 

1030 



Ave 

819 sec 



Mm 

395 



Max 

1034 



Piiot/Cppilol 

26 6% 


Min 

492 



Navigator 

37.3% 


Pi 1 Dl/Co pilot 

27.4% 
















Event 

Task 

Time 

Utilization 





Factor 





Inertial Navigation System 
Management 

Switch on to stand by 

Align mode, gyro compass, nav mode 

1.1 

2.2 

8 

8 

Event 

Task 

Time 

Utilization 

Factor 


Program way point (j) 

42 eo 

8 

Loran A Manipulation 

Switch on 

1 1 

7 


Plot DR position 
1 Determine external fix 

20 

8-1S0 

11 
IT * 


Estimate DR position for fix 
Predict relative signal strength and 

I0-3C 

11 


Mot fix LOP 1 * le.VOR/DME, loran. 




iky ground wove mix for one chain 

10-6C 

li 


Record and check time 

3.2 

11 


Match poises 

30-180 

IT 


Determine DR position error North/ 
South and East/West 

20-30 

8 


Read time difference ond record 

4 2-10 

8 


Determine along track error 

20-30 

11 


Determine and apply sky wave corr. 

20 

11 


Determine across track error 

20-30 

11 


Reod ond record tune ond doppler 
distance 

9.4-15 

" DR pcs. 
11 


Determine hack angle error 

15 

11 


Add croc track if applicable 

10 


Update present position by inserting 
correct co-ordinatei while on memory 

43.3 

B 


Plot LOP 

10-30 

11 


Correlate mognetic heoding with 




* ’ Ave 

220sec 



platform true heoding 

10-30 

3 



346.’ 



Check eta way point 

.30-90 

11 


Min 

93 7 



Record 

3-5 

0 


Pi lot/ Copilot 

35 8% 


Ave 

Max 

Min 

430 sec 
52? 

238 



Navigator 

50. 1% 





Utilization 




«v 

Event 

Task 

Time 

Factor 









Navigat 

X 

45 71% 

Loran C 

Switch power - ON 

1 1 

7 

•Present position plot «' 

ght waypoints moy be programmed in AR1NC 561 INS 



Estimate DR position for a fix 

10-30 

11 





Warm up 

300 

0 






‘Select chain 

2.1 

8 




Util nation 


•Select Loron C 

2 1 

7 

Event 

Task 

Time 

Factor 


•Set bandwidth control - narrow 

2 1 

7 

Doppler/ Compel ter System 

Switch on 

2.2 

8 


•Set function switch - M 

2 1 

7 

Management 

Test * 

240 

7 


*Sel readout switch - A'B 

2.1 

7 


Slew ground speed end drift 

4 

7 


•Select hmebase - 1 

2.1 

7 


Set required course 

10-30 

8 


Slew master pulse groups to left of scope 

10 

8 


Set required distance 

10-30 

8 


Set bandwidth control - wide 

2 1 

7 


Determine system hacking error (STE) 

15 

11 


Select hmebase - 2 

2.1 

7 


Offset computer for STE 

4.3 

8 


Align master pulse with gates 

20 

8 


Check hdg. 

1.2 

3 


Select timebose - 3 

2 1 

7 


Check drift 

1.2 

3 


Align gate with third cycle of first pulse 

20 

8 


Check frock angle lettings 

t.B 

3 


Set Function switch - A 

2 1 

7 
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TABLE D-IV (cont'd) 

NAVIGATION MANAGEMENT - MINIMUM AUTOMATION 
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TABLE D-IV (cont'd) 

NAVIGATION MANAGEMENT- -MINIMUM AUTOMATION 





Utilization 



lime 

Foe tor 



“ 


ClC Monogsment 

Select itctionfs) 

15-45 

3 

w 

Determine offset todiol & distance 

30-90 

11 


Program offiet radial end distance 

8.6 

8 


Set V OR/D ME frequencies 

4.3-8.6 

8 


Identify station (i) 

5-30 

1 


Set desired magnetic course 

4.3 

8 


Observe localizer needle or HSI 

1.2 

3 


Compare DME and computer diitonce 
if headed toward or away from station 

Correct computer distance as 

1.8 

4.3 

3 


necessary 



Read and record DR position 

3.8 

8 


Read ond record lime 

3.2 

8 


With dual VOR/DME fit determine 
R ho -theta fix from independent source 

5-10 

8 


Correlate with CLC derived W pos. 

30-60 

11 


Ave 

194 sec 



Max 

271 



Mm 

117 



Pilot/Copilat 

23.9% 


Navigator 

33 5% 




Utilization 


Task 

Tim* 

Factor 

Determination of Magnetic 

Enter tobies and/cr radio nav. charts 

60-180 

It 

Course 

Manual wneowrement with plotter 
and application of variation or 
grlvahon 


It 


Measure grid course or true 




course 

3-10 

n 


Apply gnv/variatian to grid 




or true course 

2-5 

e 


Record 

5-10 

8 


Ave 

146 sec 



Max 

JOS 



Mm 

72 



Pllot/Copilot 

33.9% 


Navigator 

47.5% 


” "" v v * 


Utilization 


TasV 

Time 

Factor 

Altitude Change Enroute 

Initiate request for clearance or 
answer 1 D. call from AIC 

75-40 

8 


Request altitude change or 
receive ATC change * 

30^60 

6 


Acknowledge receipt of clearance 
and report leaving level 

10-30 

8 


Initiate outo pilot cl imb/dc scent or 
manually od|ust control column 

3.8 

8 


Ad[u»t throttles (cllmb/descent) 

3-20 

6 


Check through vonoos altitudes as 
required by ATC 

10-70 

6 


Adjust throttles upon reaching new 
level 

3-20 

8 


Advise ATC upon reaching If required 

10-20 

6 


Level nff an aula pilot or manually 
adjust control column 

38 

8 


Ave 

168 sec 



Max 

238 



Mm 

99 



Pilot/Copilot 

26 1% 


Navigator 

36 '6% 


'Event 

Task 

Time 

Utilization 

Factor 

Monitoring Flight Plan Enroute 
’{Fuel Management) 

Reviee eto destination Ie comport 
way point eta’s and afa’s 

1D-T60 

11 


Determine fuel on board ond record 
with time 

20-240 

11* 


Determine bum off 

10-20 

H 


Compare with planned bum off 

10-20 

8 


Establish expected fuel consumption 
ahead 

60-180 

11** 


Determine fuel over destination Te 
FOD 

60-120 

11 


Ave 

435 sec 



Max 

740 


* 

MTn 

170 



Pilot/Copilot 

39.3% 


Navigator 

55.0% 

* Dependent on number of fuel tasks 
••Depends on cruise control methods, ie. HSC or L*C weight, etc. 



Event 

Task 

Time 

Illation 

Factor 




Copying ond Acknowledging 
ATC Clearances (Oceanic) 

Moke contact with appropriate 
ATC ogency (•* Center, terminal) 

10-45 

8 


Copy eleoronce os received 

30-90 

8 


Acknowledge clearance (<■ read 
bock) 

10-45 

8 


Change bock to appropriate 
frequency 

8.6 

8 


Ave 

124 sec 



Max 

189 



Min 

59 



Pi tot/Cop i lot 

28 6% 


Navigator 

40.0% 


Task 

~ UtTJizotian 1 
Time Factor | 


' — " 



Turbulence Penetration 

Adjust throttles 

3-20 

11 


Check much meter 

2.4 

3 


Check IAS indicator 

2 4 

3 


Check altimeter 

2.4 

3 


Check placard turbulence 
penetration speed 

T 2 

3 


Auto pilot in olt. hold 

1.1 

8 


Disconnect alt hold in moderate 
turbulence 

1.1 

8 


Ave 

21 8 sec 



Max 

30 6 



Min 

13 6 



Pilot/Copilot 

19.9% 


Navigator 

27.9% 


Task 

Time 

Utilization 

Factor 


— 



Altitude change m transition 
zone 

Acknowledge clearance and report 
leaving present level 

10-15 

7 


Initiate auto pilot climb descent 
or monuolly adjust control column 

38 

8 


Adjust throttle* 

3-20 

8 


Level off on auto pilot or monuolly 
adjust control column 

3.8 

8 


Ad|ust throttles upon reaching new leve 

3-20 

8 


Report reoching new level 

10-15 

6 


Ave 

56 sec 



Max 

78 



Mm 

34 



Pilot/Copilot 

26.8% 


Navigator 

37.5% 

•OceonTc/Contmentol Transition 
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TABLE D-IV (cont'd) 

NAVIGATION MANAGEMENT - MINIMUM AUTOMATION 



Task 

Time 

Jtilizatlon 


Totk 


Time 

Utilization 

Factor 








Rod or identification in the 

Male* contact with appropriate ATC 

10-15 

8 

Navigation 5y*t#m Management 

Program nav. /computer 




transition* zone 

center when in VHF range 

in Transition zone * (Doppler/ 

INS 


42 ea 

S 


Code identification on treruponder 

4.3 

8 

Computer or INS) 

Doppler 


24.3-64 3 

8 


Receive and copy ATC clearance o* 
applicable (Airways, direct route) 

30-45 

8 


Determine fix 



11 


Read back ATC clearance 

30-45 

8 


Vortac 


29-81.4 

11 










Ave 

91.8 sec 



2 or 3 LOPS ADf 


120-134.3 

11 


M ax 

109 



Plot fix 





Min 

74 



Vortac 


30-60 

11 


Pilot/Copilot 

28 6% 


2 or 3 LOPS loran 


20-90 

11 


Navigator 

40 0% 


2 or 3 LOPS ADF 


20-60 

11 






Determine DR poiition and plot 

20 

11 

*Oceania/Continentol Transition 




Determine along track error 


10-30 

11 




Utilization 


Determine across track error 

30-60 

n 


Task 

Time 

Focter 


Reset distance along track 


4.3 









Reroute by ATC in 

Acknowledge ATC call 

10 

6 


Reset distance across track 


4 3 

8 

En route Phase 

Copy clearance 

30-45 

8 


Determine course change 


10-45 

11 


Reod back clearance 

30-45 

8 


Initiate course change 


43 

8 


Program crew way point: 




Correlate hdg, drift and track set 

7 4-10 



(DINS 




in auto coupled mode 




Determine co-ordinate* 

30-120 

11 


Determine track angle error 


IS 

11 


Program co-ordinate* 

10-30 

8 


Check eta way point 


30-90 

11 




8 


Record 


3-5 

8 


Alter course ref to HS1 

10-30 





(2) Doppler/Computer 





Ave 

745 sec 



Program inactive Stage of 





Max 

1025 



computer 

20-60 

8 



Min 

466 



Determine preient DR poi. 

2-10 

1!^ 



Pilot/Coprlot 

34 4% 


Pilot preient DR pos. 

20 

II 



Navigator 

48.2% 


Determine rha-theto data 
manual/tablei 

Alter to new course 

10-60 

11 

•Oceanic/Continental Traniltlon Zone 





8-15 

8 

Eve nt/f light Phase 

Task 


Time 

(sec) 

Utilization 

Factor 


Reprogram Inactive *toge of 
computer 

20-60 

a 

(Moving Mop Display 






Ave - 0) 









185 icc 








B 

225 tee 


Pre-Taxi and Taxi 

Select FIX mode 


2.1 

8 


Max - (1) 280 sec 



Select waypomt 


8 6 

8 


B 

325 *ec 



Slew pen 


12 0 

8 


Mm - (1) 120 *ec 



Select OP mode 


2.1 

8 


(2) 150 tec 


T/O and Enro^te and Landing 

Select waypoint 


8.6 

6 


Pilot/Copilot 

31 6% 

Unprog rommed Waypoint 

Select nav. aid 


8 6 

8 


Navigator 


44 2% 


Select WP mode 


2.1 

8 






Slew pen 


12.0 

8 






Seleet GS waypoint 


8.6 

8 






Return to waypoint 


8 6 

8 







Ave 

73.3 








Pilot/Capilot 

28 6% 







Navigator 

40.0% 
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ei-a 


TABLE D-V 

TYPICAL VFR A-G AND G-A COMMUNICATIONS 


TYPICAL VFR A-G AND G-A COMMUNICATIONS 






System with 
Selective Call 

Present 

System 


Flight 

Phot* 

Meskxjc 

No 

of 

Comm 

Actual Commi/rticohon 

'Words 

Time 

Sec 

'Words lime 

Sec 


l 

G'A 

ATIS 

50 

33 6 

50 

33 6 


2 

A/G 

Cleveland Ground Control this is 
Cessna November 6032 Brovo. 

0 

0 

11 

78 


3 

G/A 

November 603? Brovo Clevclond 
Ground 

0 

0 

3 

58 

D 

4 

A/G 

Cessna 6032 Brovo VFR Detroit 
Wayne 

3 

2 5 

9 

6 5 

O 

Z 

< 

z 

S 

G/A 

November 6032 Bravo cleored to 
runway 2l left vio 1oxi*woys Alpha 
end Bravo Contact tower one-one- 
nincf-pomt-three when ready 

20 

13 8 

26 

17 7 

X 

6 

A/G 

One -one -nin«r -point-three 

5 

3 9 

5 

39 


7 

A/G 

Detroit Ground thu ■ » Cessna 6032 
Brovo Would like to go to General 
Aviation Terminal via loxiwoys Alpha 
and Charlie Hold short loxiwoy 
Charlie for Beaumont 451 

22 

15 1 

32 

21 7 


8 

G/A 

Roger 

1 

1 2 

1 

1,2 


9 

A/G 

Cleveland Tower this u Cessna 6032 
Brovo VFR Detroit ready to go 

5 

3 9 

15 

10 5 


to 

G/A 

November 6032 Bravo cleored for 
immediate takeoff Maintain runway 
heading Contact departure control 
one - two -three-polnt-seven 

15 

10 5 

21 

14 4 


11 

A/G 

Cne-two-three-pomt-seven 

5 

39 

5 

39 


1? 

A/G 

Clevelond Departure Control thu js 
C essna 6032 Brovo iust off Runway 
two -one No transponder * 

7 

52 

18 

12.4 


13 

G/A 

November 6032 Brovo climb to and 
maintain three thousand Turn right 
heading two -seven -zero Rocfor 
contact 

14 

98 

20 

13,8 


14 

A/G 

Cessna 6032 Bravo level at ihree 
thousand 

4 

32 

10 

7.2 

UJ 

15 

G/A 

Roger, 

l 

1.2 

l 

1 2 

oe 

=> 

oc 

< 

0 . 

16 

G/A 

November 6032 Bravo 20 miles west 
of field Radar services terminated, 
Frequency change opproved Resume 
normal navigation, 

14 

9 0 

20 

13 8 


17 

A/G 

Roger 

1 

1 2 

1 

1.2 


10-21 

G/A 

November 6032 Bravo traffic Eleven 
o'clock West bound 3 mites Slow 
moving 

36 

24 3 

60 

40 2 


22-25 

A/G 

Negative contact 

6 

4 5 

6 

45 


26-29 

G/A 

November 6032 Brovo traffic no 
longer a factor 

20 

13 8 

44 

29.6 




type 

of 

Comm 

TABLE V f coat'd) 

System with 
Selective Coll 

Present 

System 


Flight 

Phase 

Messoge 

No 

Actual Communication ' 

’Woe* 

Time 

Sec 

'Words Time 
Sec 


20 

A G 

Cleveland Center this u Cessna 6032 
Brovo one -two -six -point -three 

0 

0 

15 

10 5 


31 

G A 

November 6032 Bravo Cleveland Center 

•0 

0 

9 

58 


32 

A'G 

Cessna 6032 Bravo VFR Detroit Wayne 
level ot six thousand five hundred 
twenty miles west of Cleveland 
Hopkins, Heading two -seven-zero 
Request traffic advisories 

22 

15 l 

28 

190 


33 

G/A 

November 6032 Bravo tom left 
heading heading one-cight-icro 
for rodor identification 

10 

72 

16 

11.1 


34 

A/G 

Onc-cight-zcro 

3 

2 5 

3 

2.5 


35 

G 'A 

November 6032 Bravo Rodor contact 

2 

1 9 

8 

58 

3 

0 

at 

36 

G 'A 

November 6032 Bravo twenty miles 
southeast of Detroit Wayne contact 
approach control one -two- three- 
point -seven. 

14 

9,8 

20 

13 8 


37 

A/G 

Ont-two-three -point -seven, 

5 

3 9 

5 

3,9 


38-40 

G/A 

November 6032 Brovo traffic Eleven 
o'clock Westbound three miles slow 
moving, 

27 

18 4 

45 

30 3 


41-43 

A/C 

Negative contact 

6 

4 5 

6 

4 5 


44-46 

G/A 

November 6032 Bravo traffic no longer 
a factor. 

15 

10 5 

33 

22.3 



47 


ATIS 

50 

33 6 

50 

33.6 


48 

A,G 

Detroit Approach Control this is 
Cessna ^032 Bravo 

0 

0 

11 

7.8 


49 

G/A 

November 6032 Brovo Detroit approach 
control. 

0 

0 

9 

6.5 

ARRIVAL 

50 

A/G 

Cessna 6032 Bravo twenty miles South- 
cast of field heoding three-three -zero 
degrees level at six -thou sand -five 
hundred Landing 

16 

11 1 

22 

15 1 


51 

G/A 

November 6032 Bravo turn right head- 
mg zero-six-zero degrees for identifi- 
cation 

9 

65 

15 

10 5 


52 

A/G 

Zero-six-zero 

3 

2 5 

3 

2 5 


53 

G/A 

November 6032 Bravo Rodar 
contact Resume navigation 

4 

32 

10 

7.2 


54 

G/A 

November 6032 Bravo five miles 
Southeast of field Contact lower 
one -one -n in ec -pol nt -one. 

12 

0 5 

18 

12,4 

< 

> 

55 

A/G 

One -one -nl n er -po i nt -one 

5 

39 

5 

3.9 

□r 

(X 

< 

56-59 

G/A 

November 6032 Bravo traffic eleven 
o’clock Westbound three miles slew 
moving 

36 

24 3 

60 

40.2 


60-63 

A/G 

Negative contact 

B 

58 

8 

58 


64-67 

G/A 

November 6032 Brovo traffic no 
longer o foe tor. 

20 

13,8 

44 

29 6 
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TABLE D-VI 

TYPICAL IFR A-G AND G-A COMMUNICATIONS 






]= 
















TABLE V (coat'd) 


Present 




TABLE VI (cont’d) 








lyptt 


e.Call 

System 



TYPICAL IFR A-G AND G-A COMMUN (CATIONS 





Flight 

Messogc 

of 

Actual Communication 

1 Words 

Time 

'Words 






"" '""" 






Phase 

No 

Comm 



See 


See 







System with 

Present 

System 





~a7o 

Detroit Tower this n Cessna 6032 









Type 


Select 

ve v_all 














'Woids 


'Words 







Bravo Smiles Sootheost level at six- 







Flight 

Messogc 

of 

Actual Communication 

Time 

Time 






thou sond-fi vo-hundred landing 

11 

78 

20 

13 8 



Phase 

No 

Comm, 



Sec 


Sec. 




69 

G/A 

November 6032 Bravo Report left 








9 

G/A 

November 6032 Bravo New York 










downwind runwoy two-one. Number 










Ground 

0 

0 

9 

6 5 






Four to land 

10 

7 2 

16 

11 1 




10 

A/G 

Cessna 6032 Brovo with clearance IFR 








70 

A/G 

Roger 

1 

1 2 

1 

1 2 






Detroit Wayne 

5 

39 

11 

79 




71 

A/G 

Cessna 6032 Bravo Downwind runway 








11 

G/A 

November 6032 Brovo cleared to run- 










two-one 

4 

32 

10 

7,2 






•way 21 vio taxi way Alpha Adviso 








72 

G/A 

November 6032 Bravo number three ta 




* 






lower thot you are an IFR Departure 

.6 

112 

22 

15 l 



0 



land Following a Bosch Boron , 

8 

58 

14 

9.8 




12 

A/G 

Detroit Ground Control this is Cessna 








72 

VG 

Cessna 6032 Bravo We hove himj 

3 

2.5 

9 

6 5 






6032 Brovo Would like to toxi to 


52 

18 

12.5 












hangar four 

7 



Z 

74 

G/A 

'Roger 

1 

1.2 

1 

- 1 2 












< 







13 

G/A 

November 6032 Brava cleared hangar 








75 

G/A 

November 6032 Bravo cleared to land 

3 

25 

9 

6.5 




’ 


four vio taxiway Alpha ond Charlie 

8 

59 

14 

9.8 




76 

G/A 

November 6032 Bravo turn off next 








14 

A/G 

Roger 

1 

1 3 

i 

l 26 






loxlway Contact ground one-two-on 

- 

7 8 

17 

11 8 
3 9 














point-seven 

One -two-one -point -seven 















77 

A/G 

5 

3,9 

5 




15 

A/G 

New York tower this it Cessna 6032 


















* Bravo New York Tower 

0 

0 

9 

6,5 



* Aloha underlined wards would Ke eliminated m an automated s/slem 

393 | 


630 4 




16 

G/A 

November 6032 Bravo New York 




















Tower t 

Cessna 6032 Bravo ready to go 




6 5 





TABLE VI 







z> 

oc 

17 

A/G 







TYPICAL IFR A-G AND G-A COMMUNICATIONS 

























ut 

a 

18 

G/A 

November 6032 Brovo cleared for 































System 

With 

Presont 1 






tact Departure Control one-two-one- 







Flight 




Selective 

m 







point-five 

14 

9.8 

20 

13 B 





Actual Communication 

















Phose 






















■K 





19 

A/G 


1 

1 3 

7 





1 

G/A 

AT1S Information 

50 

33 6 

50 

33 6 




20 

A/G 

Departure Control this is Cessna 6032 
Bravo. 

0 

0 

10 

H 




2 

A/G 

New York Clearance Delivery this * 
is Cessna 6032 Bravo,lFR Detroit 



15 

10 5 




21 

G/A 

November 6032 Bravo Departure 
Control. Squock Ident Radar Contact 










Wayne 








Climb to and maintain two thousand 








3 

G/A 

November 6032 Bravo we have 










feet Maintain heading onc-six-zaro 

16 

11 2 

24 

16 4 



►- 



your clearance 



10 

111 




22 

A/G 

Cessna 6032 Bravo level at two 








4 

A/G 

November 6032 Bravo reody to 



wm 






Bi 

8 

59 

u 

98 



Z 



copy 




KB 




23 

G/A 








— 

5 

G/A 

November 6032 Brovo cleored 










maintain four thousand feet Turn 







< 



Detroit Wayne, Tannersville ten, 







*— 



right heading one-eight-zero Resume 










Flight planned route Expect 







1 



flight planned route at west texas 

20 

13 8 

26 

17 8 



- 



Flight level one-clght-zero after 
Tannersville. Contact Departure 
Control one-one-mner-pomt-fwo * 
Squock one-lhtee-zero-zero. 

29 

19.7 

H 

23 7 



=) 

OC 

£ 

24 

A/G 

Cessna 6032 Bravo out of two for four 
thousand. Right heading one-eight 
zero 

11 

7.9 

17 

11 8 













Ul 

25 

A/G 

Cessna 6032 Bravo level ot four 









A/G 

Cessna 6032 Bravo cleared Detroit* 




* 

> 






Hooding one -eight -zero 

mm 

5.22 

,3 







Wayne Tannersville ten. Flight 

















o 



pi on ned route Expect flight level 








26-31 

G/A 

November 6032 Bravo traffic eleven 










onc-e>ght-zero after Tannersville 










o'clock three miles. West bound slow 







5 



Contact Departure Control one-ono- 










moving. 


6 5 

15 







nlne-pofnt-two Squock one-lhrce- 

29 

19.7 

35 

23 7 




32-38 

A/G 

Negative Contact 


1 9 

2 







zero-zero 












X 


G/A 

November 6032 Bravo your clearance 







39-44 

G/A 

November 6032 Bravo traffic no 
longer o factor. 


3.9 

11 






it correct as read 

6 

4 7 

12 

« 8,5 








mm 9 

H i 



8 

A/G 

New York Ground Control this is 



12 




45 


November 6032 Bravo over West 






8.5 



— 


Cessna 6032 Bravo 

0 

0 






o ne -one -mner-pomt-zero -five 

14 

98 

20 

Hh 


1 



















1 









— 

MMBBI 


Hi 


HI-lOEO-69-ai-lSMd 
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TABLE D~VI (coni-'d) 

TYPICAL IFR A-G AND G-A COMMUNICAT IONS 




Type 

TABLE VI (cant'd) 

jH 

Present 

System 

flight 

Phase 

Menage 

No 

of 

Comm 

Actual Communication 

• Words 

Time 

Sec. 

gjj 

m\ 

SI 












1 

New York Center lhi« it Cettna 6032 



!V 







Brovo one-onc-nmcr-point-zcro 


0 


16 

11 2 





November 6032 Bravo this is New 













i 




H 

zero-ninrr-zero Sqgack tdent Rodar 
Contact. 


11 

1 

22 

15 1 


48 

G/A’ 


10 

| 

16 

11 2 


49 

A/G 

Onc-two-lhrce-pomt-fi ve -Five 

6 

H 

6 

4 6 


50 

A/G 

New York center this • » Cessna 6032 








Bravo level at Flight-level one- 
orght-zero over Salem at fifteen 
estimate Bridgewater twenty -two 
Litchfield next 

18 

12,5 

29 

19 7 


51 

G/A 

Reger 6032 Bravo 

1 

1.3 

6 

4 6 


52 

A/G 

New York center this is Cessna 6032 








Bravo one-two-lhree-pomt-f 1 ve-five 

0 

0 

16 

U 2 


53 

G/A*’ 

November 6032 Bravo Squock ident 





c 



Rodar contact. 

4 

32 

10 

72 

— 

54 

G/A 

November 6032 Bravo contact 





3 

o 



Cteveland center one -two-six -porn $- 
fivo-frve, 

9 

6.5 

15 

10 5 

z 

55 

A/G 

One-two-six-pomt-five -five 

6 

46 

6 

46 


56 

A/G 

Cleveland center this Ccssno 6032 






57 

G/A 


6 

46 

16 

11 2 i 




Center Change code to zero-one- 
seven-two Squack ident Radar 
contact 

11 

7.9 

19 

13 l 


58 

G/A 

November 6032 Bravo change 
frequency On o- two -so von -point -m no - 
fiVO 

8 

59 

14 

9 4 


59 

A/G 

One-two-seven-point-nme-five 






60 

A/G 

Cleveland Center this it Cessna 6032 




i 




Bravo one-two-seven-point-five 

0 

0 

16 

M 2 


61 

C/A 

November 6032 Brovo Squack ident 








Radar contact. 

* 

4 6 

10 

7,2 


62 

G/A 

November 6032 Bravo descent to and 
maintain nmer thousand Report 
leaving fourteen and sixteen thousand 
Current altimeter three-zero-pomt- 
zero-one. 

| 

18 

12 5 

24 


(6 4 


63 

A/G 

Cessna 6032 Bravo out of flrght level 
onc-eigSt-zero for nmer thousond 

*’ 

6 

H 

16 

11. 2 


64 

G/A 

Roger 

1 

1 3 

1 

1.3 


45 

| 

A/G 

Cessna 6032 Bravo passing thru four- 
teen thousand feet 

1 

‘ 5 

39 

11 

79 


66 

G/A 

Roger 

l 

1 3 

1 

1 3 


67 

A'G 

Ccssno 6032 Brovo passing three 
twelve thousand feet 


39 

" 

79 


* Alpho underlined words would be climlnolcd >n an automated sysicm 


Flight 

Phase 

Message 

No 

Type 

of 

Comm, 

TABLE VI (corn'd) j 


El 

Present 

System 

Actuol Communication 

# Words | 

BB1 

f Words 

Time ji 

__i! 


68 

G/A 

Roger 

| 

1 3 

1 

1 3 • 


69 

A/G 

Nov«mber 6032 Bravo level at niner 








thousand 


32 

10 

72 ; 

c 

70 

G/A 

Roger 

9 

1 3 

1 

i3 ; 

0 

71 

G/A 

November 6032 Bravo contact Detroit 








approach control one-two-Six -point- 





5 



five-five 


HI 

16 

11 2 

0 

72 

A/G 

One -tw o -si x -pom t -f i v e -f i ve 

mm 

M 

6 

46 


73-76 

G/A 

November 6032 Brovo troffic eleven 








o’clock west bound 3 miles slow 








moving 

36 

24 4 

60 

40,2 


77-80 

A/G 

Negative Contoct 

8 

5.9 

8 

m 


81-84 

G/A 

November 6032 Brovo traffic no 








longer a factor, 

20 

13 8 

44 



85 

A/G 



■ 








■ 






/771 3JE.KTE IS] agaarliKs 



21 

14.5 


86 

G/A 









zero -one -zero -zero Squock ident 


■ 



•J 



Rador Contact 

11 

BS 

17 

11 8 

1 

87 

G/A 

November 6032 Brovo enter a holding 





DC 








4 












18 

12.5 

24 

16 4 


88 

A/G 

Cessna 6032 Bravo one-two-teven 








degree radial 5alcm vOR, Turns 








Right Nfner thousand 

n 

KUi 

17 

11.6 


89 

G/A 

November 6032 Bravo descend to end* 


mm 






maintain seven thousand Report pass- 


m 






ing eight thousand 

10 

m 

16 

11 3 


90 

A/G 

Cessna 6032 Brovo out of nmer for 








seven 

■ 

D 

11 

HI 

■ 

91 

A/G 

Cessna 6032 Brovo passing thru 


■ 


■ 




eight thousand 


US 

10 



92 

G/A 

Roger 


1 3 

1 

1 3 

HrI 

93 

A/G 

CcslnO 6032 Bravo level at seven 








thousand 

1 


10 

7.2 


94 

G, A 

Roger 


1 3 

1 

1.3 


95 

G/A 

November 6032 Bravo descend to 








and maintain five thousand feet, 








Report leaving six thousond 

u 

HI 

17 

11 8 

s 

96 

A/G 

Cessna 6032 Bravo out of seven four 


■ 









11 

HI 

i 

97 

A/G 





D 

oc 

< 

98 

G/A 

Roger 


1 3 

1 

1 3 


99 

A/G 

Cessna 6032 Bravo level at five 

■ 




1 



thousond 

■ l 

ma 

10 

72 

l 

too 

G/A 

Roger 

l 

1 3 

1 

1.3 


101 

G/A 

November 6032 Bravo descend to end 








maintain three thousand. Report 





1 



leaving four thousand Expect 








clearance runway two-one at zero- 





1 



seven -three -five 

20 

13 0 

26 

17 8 . 
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TABLE D-VI (cont'd) 

TYPICAL. !FR A-G AND G-A COMMUNICATIONS 


Flight 

Phaso 

Messoge 

No 

1 

TABLE VI (cant'd) 
Actual Communication 

j Sysfer 
< Select? 

with 
ve Call 

Present 

System 

'Words 

Time 

Sec 

'Words 

Time 

Sec 

«B 

102 

A/G 

Ceil no 6032 Bravo out of five for 

5 

39 

n 

7.9 




three 






103 

A/G 

Cessna 6032 Bravo passing thru four 

3 

2.6 

9 

65 

ijiiB 

104 

G/A 

Roger 

1 

1.3 

l 

1.3 


105 

A/G 

Cessna 6032 Bravo level at three 

3 

26 

9 

6 5 


106 

G/A 

November 6032 Bravo turn right 





[^■31 



heading one-eight-zertj 

6 

46 

12 

8.5 


107 

A/G 

, One -eight -zero * 

3 

2.6 

[ 3 

26 


108 

G/A 

November 6032 Bravo turn right 



1 





heading two-five-zero. 

6 

46 

12 

: 8 5 

1 

109 

A/G 

Two -five -zero 

3 

26 

3 

2 9 

— 3 

no 

G/A 

November 6032 Bravo turn left 





> 



heading two-four-zero. Intercept 





a 



ILS Report tower p mile from outer 





< 



marker inbound Contact tower one- 








one-nmer-poin t-fhree 

22 

15 1 

28 

19.1 


11! 

A/G 

Two-four-zcro one-one-nmer-polnt- 








three 

6 

46 

6 

47 


112 


ATIS 

50 

33 6 

50 

33 6 


113 

A/G 

Detroit tower this is Cessna 6032 





z 



Bravo inbound over the outer marker 

5 

39 

15 

10 5 

3 

114 

G/A 

November 6032 Bravo you are number 





z 



two to land following a convair 

9 

65 

15 

10.5 

< 

X 

115 

A/G 

Roger 

1 

1 3 

1 

13 


116 

G/A 

November 6032 Bravo cleared to land 

3 

26 

9 

65 

or 

117 

G/A 

November 6032 Bravo contact around 





< 



eon trol, one-two-one -poi n t -seven. 

8 

5.9 

-14 

98 


118 

A/G 

One - tw o-ono -poi n t -se ve n 

5 

39 

5 

-Hj 


* alpha underlined words would bo eliminated m an automated system 


pilot in the control and monitor of his vehicle Is possible. Communication and navigation 
management workload is assessed independently of the control and monitor workload. 

D.4.1 VTOL Aircraft 

A time line analysis for VTOL aircraft is shown in Table D-VII. Pilot and 
copilot tasks of a lift fan VTOL include the manual vehicle control and visual monitor 
tasks . 

D .4.2 STOL Aircraft 

. Jabje D— VIII summarizes a typica.I set of control and-monitor tasks for a STOL 
aircraft. The vehicle selected for evaluation was a turbofan STOL operated over a 
500 nmi stage length. 
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TABLE D-VII 

VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 


VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 


Pilot Visual Task 


Pilot Manual Task 


Taxi 

Pre-Take- 

Off 


Take Off 0.0 


Clear to 

1000 ft MOCA 2.5 


Conversion 2.7 


Start Time 

Task 

Duration 

Start Time 

-11.6 

A/C Configuration 

0.3 

-11.7 

-11.3 

CHK Thrust Det Pos 

0.1 


-10.3 

Fuel Mgmt 

0.1 

-11.2 

-10.9 

-10.2 

Alt. airspeed 

0.2 

-10.2 

-10.0 

Roll -Pitch-Yaw Trim 

0.2 

-10.0 

- 9.4 

Alt. Hdg. Inds 

0.1 





- 9.3 

- 9.2 

- 9.0 


- 7.4 

Cyc WG Position Control 

0.3 

- 7.7 

- 7.6 

- 7.5 

- 7.4 

- 7.1 

Pre-taxi Chk List Complete 

1.0 

- 7.1 

- 6.1 

Scan Taxiway 

0.2 

- 6.1 

- 5.7 

Monitor Heading 

0.1 

- 5.9 

- 5.5 

Eng No. I instruments 

0.4 

- 5.6 

- 5.5 

- 5.1 

Eng No. 2 Instruments 

0.4 

- 5.1 

- 4.7 

Eng No. 3 Instruments 

0.4 

- 4.7 

- 4.3 

Eng No 4 Instruments 

0.4 

- 4 3 

- 3.8 

Scan Taxiway 

1.0 

- 3.8 

- 2.2 

Monitor Fan RPM -Temp, 
Engine Instruments 

0.7 

- 2.9 

- 2.3 

- 2.1 
- 2.0 

- 1.9 

- 1.8 

- 1.7 

- 1.6 

- 0.5 

Monitor Engine Instruments 

0.2 

- 1.5 

- 0.5 

- 0.2 

CHK Fan RPM 

0.1 . 

- 0.3 

- 0.1 

CHK Eng Instruments 

0.1 


0.2 

CHK Thrust Req -Avail 

0.1 

0.0 

0.3 

Lift Off Scan 

0.5 

0.3 

0.8 

Monitor Attitude, Heading, 


0.8 

2.4 

, Altitude 
Monitor Thrust 

1.9 

0.1 

2.4 

2.5 

Flight Instrument Scan (5 sec 


2.5 

2.8 

every 20 sec) 
CHK Div Pos 

2.0 

0.4 

2.6 

2.7 


Ground Control 0.3 

Intercomm 0.3 

Set Alt. airspeed Indicator 0.2 

Set Roll -Pitch-Yaw Trim 0.2 

Turbine on Start 0. 1 

No. 1 Engine Start 0.2 

No. 2 Engine Start 0.2 

No. 3 Engine Start 0.2 

No. 4 Engine Start 0.2 

Adj Cont Auth C. 1 

Chk Fit Controls 0.1 

Engage Automatic Stabili- 
zation Equipment 0.1 

Cyc WG Position Control 0.3 

Pre-taxi Chk List Complete 1.0 

Taxi to Position, Control 0.2 

Fuel Chk out 0.2 

Set Brakes 0 1 

Eng No. 1 Chk out 0.4 

Eng. No. 2 Chk out 0.4 

Eng. No. 3 Chk out 0.4 

Eng No. 4 Chk out 0.4 

Taxi to Spot 1.0 

Eng RPM to 60% 0.2 

No. 1 Eng Div Valve to Fan 0. 1 


No. 1 Div Valve to Norm 0.1 
No. 2 Div Valve to Fan 0. 1 
No. 2 Div Valve to Norm 0 1 
No. 3 Eng Div Valve to Fan 0. 1 
No. 3 Div Valve to Norm 0.1 
No. 4 Eng Div Valve to Fan 0. 1 
No. 4 Div Valve to Norm 0. 1 
Engs to 60% 0.2 

All Div Valves to Fan 0.2 


Throttles to Take-off Power 0.2 

Lift Off Throttle 0.5 

Control A tti tude, Heading 1.9 

Adj Thrust 0.1 

Increase Along Track Airspeed, 
Altitude 0. 1 

Attain WG Lift, Angle of 
Attack 0. 1 

Div 2 Eng Aft 0.2 

Div 3 Eng Aft 0.2 

Increase Airspeed, Altitude 0.2 

Div 1 Eng Aft 0.2 
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TABLE D-VII (cont'd) 

VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 


VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 


Phase 

Time 

Start Time 

Pilot Visual Task 

Duration 

Start Time 

Pilot Manual Task 

Duration 



Task 

Task 






3.5 

Div 4 Eng Aft 

0.2 






3.7 

Ad] Climb Thrust 

0.1 






3.8 

Maint Climb A/A-Att 

0.2 

Aca to Climb 

3.9 


* 







4.0 

Monitor Climb A/A-Attitude 

0.2 






4.2 

Autopilot 

3s 

4.2 

Engage Autopilot 

3s 



4.2 

Monitor Eng Inst, Plight 








Instrument (scan) 

0.1 









9.5 

Attain Cruise Altitude 

0.1 






9.6 

Attain Cruise Speed 

0.1 

Cruise 

9.7 




9.7 

Reduce Throttle 

0.1 



9.8 

Scan Flight instruments and 


9.8 

Engage Autopilot 

0.1 




Engine Instruments (5 sec every 







20 sec) 

10.5 






9.9 

Monitor Autopilot Hold mode 

0.1 









10.0 

Throttle 

0.2 



10:2 

Flight Inst., Engine Inst., 








Cockpit 

0.2 

10.2 

Cruise Check 

0.5 



30.2 

Monitor Mach Meter, Engine 








Inst. 

0.1 

30.2 

Throttle 

0.1 

Descent 

52.3 

52.3 

Scon Flight Inst., Engine Inst. 








(5 sec every 20 sec) 

4.0 

52.3 

Reduce Thrust as Req 

0.1 



52.4 

Pitch Thumbwheel 

0.1 

52.4 

Pitch Thumbwheel for 








Desired ROD' 

0.1 



52.5 

Fit. Inst., Mach Meter, IAS 

0.1 

52.5 

Throttle 

0.1 






54.5 

Throttle 

0.1 



54.6 

Fit. Inst., Mach Meter, IAS 

0.T 

54.6 

Set Altimeter 

0.1 



54.7 

Altimeter 

0.1 






57.7 

Fit. Inst. Mach Meter, IAS 

0.1 

57.7 

Throttle 

0.1 

Terminal 

57.8 

57.8 

Pitch Thumbwheel 

0.1 

57.8 

Pitch Thumbwheel for 


Area 






Desired ROD 

0.T 



57.9 

Fit. Inst., Mach Meter, IAS 

0.1 

57.9 

Throttle 

CM 

Conversion 

63.1 


- 


63.1 

Speed Brakes On 

6.1 






63.2 

Slow to App Speed 

2.6 






65.8 

Throttle Conversion Speed 

0.1 



65.9 

Divert Eng to Fans 

0.3 

65.9 

Divert Eng to Fans 

0.3 



66.2 

CHK Fan RPM-temp 

0.5 

66.2 

Descend to Conversion 








Altitude 

0.5 



66.7 

Complete Conversion 

0.2 

66.7 

Complete Conversion 

0.2 






66.9 

Increase Throttle 

0.1 



67.9 

Monitor Hover Indicator 

0.1 




Land 

68.0 

68.0 

Land 

0.1 

68.0 

Land 

0.1 






68.7 

Thrust to-Idle 

0.1 






68.9 

Both Diverter Valves to Rear 0.1 



70.0 

Taxi to Park Area 

1.5. 

70.0 

Taxi to Park Area 

1.5 
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TABLE D-Vi! (cont'd) 

VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 


VTOL LIFT FAN PILOT AND COPILOT WORKLOAD 

Phase 

Time 


Co-Pi! ot Visual Task 



Co-Pilot Manual Task 




Start Time 

Task 

Duration 

Start Time 

Task 

Duration * 

Pre-faxi 

-12.0 


' 










-11.6 ’ 

Radio Master On 

0.1 



-10.6 

Lights 

0 1 

-10.6 

CHK Worn Lights 

0.1 



-10.5 

CHK Fire Warn Sys Off 

0.1 






-10.4 

CHK Comm-Nav Insts 

0.1 

-10.4 

CHK Comm-Nav Insts 

0.1 



-10.2 

Altitude, airspeed 

0.2 

-10.2 

Set Altitude, Airspeed 

0.2 



- 9.7 

CHK Anti -ice 

0.2 






- 9.3 

Altitude - Heading Indicators 

0.1 









- 8.7 

Batt-Gen On 

0.1 



- 8.2 

Monitor Fuel Mgmt System 

0.3 




Tax! 

- 6.1 

- 7.6 

CHK Hydraulic System 

0.1 

- 7.6 

CHK Hydraulic System 

0 1 

Pre-Take- 








Off 

- 5.9 







Taxi 

- 3.8 












- 2.7 

All Louver Doors Open 

0.2 



- 2.4 

CHK Louver Door inds 

0.1 









- 1.4 

Set WG to Take Off Position 0.2 1 



- 1.2 

WG Position indicator 

0.1 






- 1.0 

Fuel Controls 

0.3 

- 1.0 

CHK Fuel Controls 

0.3 

Take Off 

0.0 









0.07 

Electronics Panel 

2s 

0.07 

Switch from Tower to Dep. 








Control 

2s 



0.3 

Gear Positron Indicators 

0.1 

0.2 

•Gear Up Handle 

0.1 ‘ . 



0.4 

Electronics Panel 

2s 

0.4 

Switch Landing Beam to 








VOR Freq 

2s 



0.44 

Electronics Pane! 

8.6s 

0.44 

Select Nav. Freq. 

8.6s 



0.59 

Electronics Panel 

8.6s 

0.59 

Select Comm. Freq 

8.6s 



0.73 

Scan Flight Inst, and Engine 








Inst. (5 sec every 20 sec) 

2.3 




Conversion 

2.7 









2.8 

Close Louver Doors 

0.1 

2.8 

Close Louver Doors 

0 1 



2.9 

CHK Louver Door Indicators 

0.1 






3.8 

Flight Inst., Engine Inst. 








Cockpit 

30s 

3.8 

Climb Check 

0.5 



6.0 

Altimeter 

5s 

6.0 

Set Altimeter 29.92 

0 I 



7.0 

Electronics Panel 

2s 

7.0 

Switch to Next Comm. Freq. 

2s 



7.03 

Electronics Panel 

8.6s 

7.03 

Select Comm. Freq. 

8.6s 






9.3 

Notify Pilot 1000 ft. to 








Cruising Altitude 

Is ' 






9.5 

Switch to Ext Fuel 

0.1 



9.6 

Set WG Pos to Hi -Alt Cruise 

0.1 

9.6 

Set WG Pos. to Hi-Alt CruiseO. 1 1 

Crutse 

9.7 









9.8 

Scan Flight Inst, and Engine 








Inst. (5 sec every 20 sec) 

10.5 






10.2 

Flight Inst.. Engine Inst., 


10.2 

Cruise Check 

0.5 




Cockpit 

0.5 






10.75 

Electronics Pane! 

2s 

10.75 

Switch to Nex. Nav. Freq. 

2s 



10.77 

Electronics Panel 

8.6s 









10.78 

Select Next Nav Freq. 

8.6s 



25.0 

Electronics Panel 

2s 

25.0 

Switch to Next Comm Freq 

2s 



25.03 

Electronics Panel 

8.6s 

25.03 

Select Comm. Freq. 

8.6s 



45.0 

Electronics Panel 

2s 

45.0 

Switch to Next Nav. Freq. 

2s 



45.03 

Electronics Panel 

8.6s 

45.03 

Select Next Nav. Freq. 

8 .6s 



50.0 

Fuel Gauges, Writing Board 

10s 

50.0 

Fill Out Fuel Sheet 

10s 



50.1 

Electronics Pane! 

2s 

50.1 

Switch to Next Comm. Freq. 

2s 



50.13 

Electronics Panel 

8.6s 

50.13 

Select Next Comm. Freq. 

8.6s 



51.0 

Electronics Panel 

8.6s 

51.0 

Select Appraoch Control 








Freq. 

8.6s 



51.15 

Electronics Panel 

2s 

51.15 

Switch to Next Nav. Freq. 

2s 
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D.4.3 SST Aircraft- 

Table D-IX presents typical SST pilot and copilot control and monitor tasks. 
The workload is evaluated with respect to a 3,400 nmi transoceanic mission. Workload 
was estimated to be minimal as a consequence of the extensive use of automation. 

D.4.4 CTOL Aircraft 


Table D“X presents the results of an analysis of the visual and manual 
workload experienced by the pilot and copilot of a CTOL class of aircraft. The analysis 
was done for a 4-engine jet transport. A three-man crew was assumed - the third 
member being the flight engineer. The long haul mission profile is shown in! Sec. 2, Vol.ll. 

D .4.5 GA2 Aircraft 

Table D-XI lists pilot and copilot control/monitor tasks for a GA2 type of 
aircraft. The analysis was done for a single engine, constant speed propeller, retractible 
gear aircraft operating on a VFR flight plan. The mission profile of 190 minutes is 
taken as representative. The manual and visual workload experienced by the pilots of a 
twin-engined aircraft is estimated to be only slightly greater; thus the workload figures 
for the selected aircraft were assumed to be an adequate approximation of the workload 
figures for any GA2 vehicle. 

While the GA1 class of aircraft is theoretically less difficult to fly and to 
navigate than is the GA2 class of aircraft, most GA1 pilots have fewer total flying 
hours per year and generally operate as one-man crews; thus, the demands on the GA1 pilot will 
probably be as great or greater than is the case for the GA2. 

This relative lack of experience on the part of the pilot flying GA1 
aircraft means that he will probably be Just as busy as a GA2 pilot; thus the workloading 
analysis for a GA2 aircraft is a reasonable approximation of the workloading for a GA1 
aircraft. 
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TABLE D-VIII 

STOL TURBOFAN PILOT AND COPILOT WORKLOAD 


TABLE VII (cont'd) 

VTOL LIFT FAN PILOT AND-COPILOT WORKLOAD 


Time 


Co-Pilot Visual Task 


Co-Pilot Manual Tosk 


Start Time Task 


Cruise 

(cont.) 

Descent 


52.3 


Conversion 63. 1 63. 1 

65.8 

66.2 

66.7 

66.8 


Land 


Taxi 


68.0 


70.0 


51.30 Electronics Panel 

52.2 Fuel Pressure 

52.3 Scan Flight Inst., Engine 

Inst. (5 sec every 20 sec) 

52.5 Altimeter 

62.0 Flight Inst., Engine Inst., 

Cockpit 

WG Position for Landing 

Flap Indicator 
Electronics Panel 
Gear Handle 
Plight Inst., Engine Inst., 
Cockpit, Writing Board 

68.0 Electronics Panel 

68.1 Electronics Panel 


Duration Start Time Task 


Duration 


68.3 Monitor EngineJnst. and 

Watch for Pad 

70.0 CHK Valve Position 

70.2 CHK Louver Door Indicator 

70.7 Electronics Panel 

70.8 Thrust Control 

71.5 Cockpit 

TABLE VIII 


8.6s 

. 51.30 

Select Landing Freq. 8,6s 

0.1 

52.1 

Change to Int Fuel 0. 1 

1.3 

5s 

52.5 

Set and Cross-check Altimeter 5s 

T 

62.0 

In -Range Check 1 

0.3 

63.1 

Set WG Position for Landing 0.3 

0.1 

65.7 

Flaps Down 0. 1 

2s 

66.2 

Switch to Landing Freq. 2s 

3s 

66.7 

Gear Down 3s 

20s 

66.8 

Landing Check 20s 

2s 

68.0 

Switch to Tower Freq. 2$ 

8 ,6s 

68.1 

Select Ground Control Freq. 8.6s 

0.5 

0.T 

0.2 

68.2 

Call Out Threshold and 
Final Approach Speed 2s 


70.6 

Close Louver Doors 0.1 

2s 

70.7 

Switch to Ground Control 2s 

2s 

70.8 

Thrust Control - Forward Idle 2s 

1 

71.5 

Shut Down Check List 1 

COPILOT 

WORKLOAD 



Phase 


Start Time 


Pilot Visual Task 


Task 


Duration 


Start Time 


Pilot Manual Task 


♦ Task 


Duration 


Take-Off 




-0.44 

Hold Brakes 

10s 

-0.40 



-0.41 

Cal! for Flaps 25° 

Is 

and 

Engine Instruments 

10s 

-0.40 

Advance Throttles 

2s 

Departure 

-027 

Sean Runway 

16s 

-0.27 

Release Brakes 

Is 





-0.27 

Control Column, 
Rudder, Throttles 

2.0 


0.00 

Flight Instruments 


-0.15 

Acknowledge V] 
Acknowledge Vr, Rotate 

Is 


1 .5 

0,00 

3s 





0.08 

Call for Gear Up 
(Right Hand Thumb Up) 

Is 

Clear to 




0 18 

Call for Flaps - 10° 

Is 

0.30 

Engine Instruments 

3s 

0.30 

Reduce Power to Climb 

3s 

1000 ft 





Setting 


MOCA 




0.31 

Call for Flap Retraction 

Is 


1.5 

Autopilot 

3s 

1 .5 

Engage Auto Pilot 

3s 


1 .55 

Pitch Thumb Wheel & 

1 0s 

1.55 

Adjust Pitch Thumb Wheel 

10s 



Flight Inst. 



for Desired ROC 



1.72 

Scan Flight Inst. & Engine 
Instruments (5 sec) every 
20 sec . 

2.8 





1.72 

Flight Inst., Engine Inst., 
Cockpit 

0-5 

1.72 

Climb Check 

0.5 


6.00 

Altimeter 

5s 

6.00 

Set Altimeter 29.92 

5s 


12.22 



12.20 

Acknowledge 1000 Feet to 
Cruising Altitude 

is 


Pitch Thumbwheel 


12.22 

Adjust Pitch Thumbwheel 

10s 

- ’ 





for Zero ROC 
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TABLE D— VI { I (cont'd) 

STOL TURBOFAN PILOT AND COPILOT WORKLOAD 




TABLE VIII 

(cont’d) 

• 




STOL TURBOFAN PILOT AND COPILOT WORKLOAD 


Phase 


Pilof Visual Task 


’ 

Pilot Manual Task 



Start Time 

Task Duration 

Start Time 

Task 

Duration. 


12.85 

Flight Inst,, Engine 
Inst., Cockpit 

15s 

12.85 

Cruise Check 

0.5 


37.0 

Monitor Mach. Meter, 
Engine Inst. 

10s 

37.0 

Throttle 

10s 

Descent & 

64.2 

Scan Flight Inst. &’ Engine 

5 

64.2 

Advise Crew of Descent 

2s 

Landing 

64.23 

Inst. (5 sec) every 20 sec. 
Engine Instruments 

3s 

64.23 

Throttle 

3s 


64.7 

Pitch Thumbwheel 

10s 

64.7 

Adjust Pitch Thumbwheel 
for Desired ROD 

10s 


64.9 

Flight Inst., Mach. Meter, 
IAS 

10s 

64.9 

Adjust Throttle 

10s 


66.9 

Flight Inst., Mach. Meier, 
IAS 

10s 

66.9 

Adjust Throttle 

10s 


67.1 

Al time ter 

5s 

67.1 

Set & Cross-check 
Altimeters 

5s 

Terminal 

70.8 

Flight Inst., Mach. Meter, 

10s 

70.8 

Adjust Throttle 

10s 

Area 


IAS 





70.9 

Pitch Thumbwheel 

0.1- 

70.9 

Pitch Thumbwheel for 
Desired ROD 

0.1 , 


71.0 

Flight Inst., Mach. Meter, 
IAS 

0.1 

71.0 

Throttle 

0.1 


76.1 

Flight Inst., Engine 
Inst., Cockpit 

1 

76.1 

Call for In-Range Check 

Is 





77.9 

In-Range Check 

1 

Approach 






78.9 

79.4 

Monitor Airspeed 

2s 

79.4 

Call for Flaps 15° 

Is 


79.5 

RMI 

5s 

79.5 

Move Hdg. Bug to 
Required Heading 

0.1 


80.5 

Auto Pitot 

3s 

80.5 

Auto Pilot - Hdg. Sel. 

0.1 


80.6 

Monitor Airspeed 

2s 

80.6 

Coll for Flaps 25° 

Is 

Final ' 

81.9 

Auto Pilot 

0.1 

81.9 

Auto Pilot - Turn 

0.1 

Approach 

82.0 

Turn Knob 

0.1 

82.0 

Turn Knob 

0.1 


82.1 

Monitor Airspeed 

2s 

82.1 

Call for Gear Down 

Is 


82.5 

Auto Pilot 

3s 

82.5 

Auto Pilot - Land 

0.1 


82.6 

Monitor Airspeed 

2s 

82.6 

Call for Flaps 35° 

Is 


82.6 

Flight Inst., Engine 
Inst., Cockpit 

20s 

82.6 

Landing Check 

0.3 

1.3 


82.7 

Monitor Airspeed 

2s 

82.8 

Hand on Throttle 


82.8 

Monitor Flight Inst. 

2.25 

82.8 

Call for Full Flaps 

Ts 




83.5 

Repeat Threshold & 
Final Approach Speed 

2s 



83.6 

Approach Lights & Runway 

45s 

83.6 

83.6 

Auto Pilot - Disengage 
Control Wheel, Rudder 

Is 

Land 

83.8 



83.6 

Throttle Back 
Call - Buckets 

2s 



83.8 

Is 





83.8 

Brakes 

0.3 

Taxi 

84.1 

Taxi Way 

i 

1 

84.1 

Rudders & Brakes, Throttle 

3m 

87.1 

Cockpit 

1 

87.1 

Shut Down Check List 

1m 
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TABLE D— VI 1 1 (cont'd) 

STOL TURBOFAN PILOT AND COPILOT WORKLOAD 



TABLE VIII (cont'd) 

STOL TURBOFAN PILOT AND COPILOT WORKLOAD 
Copilot Visual Task Copilot Manual Task 


Start Time Task Duration 


-0.27 

Monitor IAS, Engine 
Inst., Flight Inst. 

0.5 

0.07 

Electronics Panel 

2s 

0.10 

Gear Handle 

3s 

0.20 

Gear Position Indicator 
& Flap Handle 

3s 

0.33 

Flap Handle 

3s 

0.38 

Electronics Panel 

2s 

0.4T 

Electrical Switch 

2s 

0.44 

Electronics Panel 

8.6s 

0.59 

-Electronics Panel 

8.6s 

0.73 

Scan Flight Inst. & Engine 
Inst. (5 sec) every 20 sec. 

2.9 

1.72 

Flight Inst., Engine Inst. 
Cockpit 

0.5 

6.00 

Altimeter 

5s 

7.00 

Electronics Panel 

2s 

7.03 

Electronics Panel 

8.6s 


12.22 

Scan Flight Inst. & Engine 
Inst. (5 sec)' every 20 sec. 

12.9 

12.85 

Flight Inst., Engine Inst,, 
Cockpit 

0.5 

13.35 

Electronics Panel 

2s 

13.38 

Electronics Panel 

8.6s 

29.0 

Electronics Panel 

2s 

29.03 

Electronics Panel 

8.6s 

37.00 

Electronics Panel 

2s 

37.03 

Electronics Panel 

8.6s 

38.0 

Fuel Gages, Writing Board 

10s 

52.00 

Electronics Panel 

2s 

52.03 

Electronics Panel 

8.6s 

52.17 

Electronics Panel 

2s 

52.20 

Electronics Panel 

8.6s 

58.50 

Electronics Panel 

Zs 

58.53 

Electronics Panel 

8.6s 

58.67 

Electronics Panel 

2s 

58.70 

Electronics Panel 

8.6s 


64.2 

Scan Flight Inst,, Engine 
1 nst; (5 sec) every 20 sec 

5 

67.1 

Altimeter 

5s 

76.1 

Flight Inst,, Engine Inst-, 
Cockpit 

■ i 

79.4 

Flap Handle 

3s 

80.7 

Flap Handle 

- 3s 

81.8 

Electronics Panel 

2s 

82.1 

Gear Handle 

3s 

82.6 

Flap Handle 

3s 

82.6 

Flight Inst., Engine Inst., 
Cockpit, Writing Board 

20s 


Start Time Task Duration 


-0.41 

Flap Handle 25° 

3s 

-0.17 

Notify Pilot Vi 

Is 

-0.02 

Notify Pilot V R 

Is 

0.07 

Switch from Tower to Dep. 
Cont. 

2s 

0.10 

Gear Up- Handle 

3s 

0.20 

Flap Handle 10° 

3s 

0.33 

Flap Handle 0° 

3s 

0.38 

Switch from 

2s 

0.41 

Seat Belt-Smoking Switch 

2s 

0.44 

Select Nav. Freq. 

8.6s 

0.59 

Select Comm. Freq. 

8.6s 

1.72 

Climb Check 

30s 

6.00 

Set Altimeter 29.92 

5s 

7.00 

Switch to Next Comm. 
Freq. 

2s 

7.03 

Select Comm. Freq. 

8.6s 

12.18 

Notify Pilot 1000 Feet 
to Cruising Altitude 

Is 

12.85 

Cruise Check 

0.5 

13.35 

Switch to Next Nav. 
Freq. 

2s 

13 .'38 

Select Next Nav. Freq. 

8.6s 

29.0 

Switch to Next Comm. 
Freq. 

2s 

29:03 

Select Comm. Freq. 

8.6s 

37.00 

Switch to Next Nav, Freq. 

2s 

37.03 

Select Next Nav. Freq. 

8.6s 

38.0 

Fill Out Fuel Sheet 

10s 

52.00 

Switch to Next Comm. Freq 

2s 

52.03 

Select Next Comm. Freq. 

8.6s 

52.17 

Switch to Next Nav. Freq. 

2s 

52.20 

Select Next Nav. Freq. 

8.6s 

58.50 

Switch to Next Comm. Freq 

2s 

58.53 

Select Approach Control 
Freq 

8.6s 

58.67 

Switch to Next Nav. Freq. 

2s 

58.70 

Select Landing Freq. 

8.6s 


67.1 

Set & Cross-check Altimeter 5s 

76.1 

In-Range Check 

1 

79.4 

Flap Handle 15° 

3s 

80.7 

Flap Handle 25° 

3s 

81.8 

Switch to Landing Freq. 

2s 

82.1 

Gear Down 

3s 

82.6 

Flap Handle 35° 

3s 

82.6 

Landing Check 

20s 
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TABLE D-IX 

SST PILOT AND COPILOT WORKLOAD 


TABLE VIII (cant'd) 

STOL TURBOFAN PILOT AND COPILOT WORKLOAD 


Phase 


Copilot Visual Task 



Copilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task Duration 


82.80 

Flap Handle 

3s 

82.80 

Flap Handle Full 

3s 


82.85 

Electronics Panel 

2s 

82.85 

Switch to Tower Freq. 

2s 


82.88 

Electronics Panel 

8.6s 

82.88 

Select Ground Control 
Freq. 

8.6s 





83.5 

Call Out Threshold & 
Final Approach Speed 

2s 


83.0 

Monitor Engine Inst. & 

1.25 

83.55 

Seat Belt & Smoking Switch 2s 



Watch for Runway 


83.8 

Throttle 

45s 


83.80 

Thrust Control 

2s 

83.80 

Thrust Control - Reverse 
Idle 

2s 


83.83 

Engine Inst. 

10s 

83.83 

Advance Throttles 

10s 





83.96 

Retard Throttles 

3s 


84.0 

Electronics Panel 

2s 

84.0 

Switch to Ground 
Control 

2s 


84.1 

Thrust Control 

2s 

84.1 

Thrust Control - Forward 
Idle 

2s 

Taxi 

87.1 

Cockpit 

I 

87.1 

Shut Down Check List 

1 




TABLE IX 






SST PILOT AND COPILOT WORKLOAD 



PHASE 


Pilot Visual Task 



Pilot Manual Task 


Start Time 

Task 

Duration 

Start Time 

Task 

Duration 

Take-Off, 
Climb and 
Accelerate 

-0.63 

Engine instruments 

10s 

-0.66 

-0.63 

Hold Brakes 
Advance Throttles 

1 0s 
2s 

-0.50 

Scan Runway 

33s 

-0.50 

Release Brakes 

Is 



-0.50 

Control Column, Rudder, 
Throttles 

1 .5m 







-0.33 

Acknowledge Vj 
Acknowledge V p , Rotate 
Call for Gear up 

Is 


0.00 

Flight Instruments 

1.0m 

0.00 

3s 




0.08 

Is 






(Right Hand Thumb Up) 






0.18 

Call for Flaps - 10° 

Is 


0.26 

Engine Instruments 

3s 

0.26 

Reduce Power to Climb 
Setting 

3s 


1.00 

AFCS 

3s 

1.00 

Engage AFCS 

3s 


1.05 

AFCS 

10s 

1.05 

Adjust AFCS 

10s 


1.72 

Scan Flight Inst. & Engine 
instruments (5 sec) every 
20 sec. 

10.7m 





1.72 

Flight Inst., Engine Inst., 
Cockpit 

30s 

1.72 

Climb Check 

30s 


2.40 

AFCS 

10s 

2.40 

Adjust AFCS 

!0s 


5.50 

Altimeter 

5s 

5.50 

Set Altimeter 29.92 

5s 


13.70 

AFCS 

10s 

13.70 

Adjust AFCS 

10s 


29.95 

AFCS 

10s 

29.95 

Adjust AFCS 

1 0s 


42.20 

AFCS 

10s 

42.20 

Adjust AFCS 

10s 





44.20 

Acknowledge Cruising 
Altitude 

Is 


44.53 

AFCS 

10s 

44.53 

Adjust AFCS 

10s 
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TABLE D-IX (cont'd) 

SST PILOT AND COPILOT WORKLOAD 




TABLE IX (cant’d) 






PILOT AND COPILOT WORKLOAD 



PHASE 


Pilot Visual Task 



Pilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task 

Duration 

Cruise 

44.70 

Scan Plight Instruments 
& Engine Inst. (5 sec) 
every 20 sec* 

41 ,0m 





44.70 

Flight Inst, Engine Inst., 
Cockpit 

15s 

44.70 

Cruise Check 

30s 

Decelerate, 
Descend and 

208.7 

Scan Flight jnst. & Engine 

6.5m 

208.67 

Advise Crew of Descent 

2s 

Land 

208.7 

Inst. (5 sec) every 20 sec. 
AFCS 

10s 

208.7 

Adjust AFCS 

10s 


210.7 

AFCS 

10s 

210,7 

Adjust AFCS 

10s 


223.57 

Altimeter 

5s 

223.57 

Set & Cross-check Altimeters 5$ 





224.5 

Call for In-Range Check 

Is 


224,7 

Flight Instrument, Engine 
Inst., Cockpit 

lm 

224.7 

In-Range Check 

lm 


227.49 

RMJ 

5s 

227.49 

Move Heading Bug to 
Required Heeding 

5s 


227.57 

AFCS 

3s 

227.57 

Adjust AFCS 

3s 


231.4 

AFCS 

3s 

231.4 

AFCS - Turn 

3s 


231 .45 

Turn Knob 

30s 

231 .45 

Turn Knob 

30s 


231.5 

Flight Instrument, Engine 
Inst., Cockpit 

20s 

231.5 

Landing Check 

20s 


232.0 

AFCS 

3s 

232.0 

AFCS - I LS 

3s 





232.2 

Call for Gear Down 

Is 


233.2 

Monitor Flight Instrument 

1 .5m 

233.2 

Hand on Throttle 

1 .5m 





233.2 

Repeat Threshold and 

2s 


234.45 

Approach Lights & Runway 

45s 

234.45 

Final Approach Speed 
Disengage AFCS 

Is 





234.45 

Control Wheel, Rudder 

45s 





234.45 

Throttle Back 

2s 





234.7 

Touchdown 






234.7 

Call - Buckets 

Is 





234.7 

Brakes 

18s 

Taxi 

235.2 

Taxi Way 

" 

235.2 

Steering Wheel, Brakes 
and Throttle 

3m 


238,2 

Cockpit 


238.2 

Shut Down Check List 

lm 

PHASE 


Copilot Visual Task 



Copilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task 

Duration 

Take-Of? 
Climb and 

-0.50 

Monitor IAS, Engine 
Inst., Flight Inst. 

33s 

-0.35 

Notify Pilot V, 

Is 

Accelerate 




-0.02 

Notify Pilot 

Is 


0.07 

Electronics Panel 

2s 

0.07 

Switch from Tower to Dep. 

2s 






Cont. 



0.10 

Gear Handle 

3s 

0.10 

Gear Up Handle 

3s 


0.4! . 

Electrical Switch 

2s 

0.41 

Seat Belt - Smoking Switch 

2s 


0.59 

Electronics Panel 

8.6s 

0.59 

Select Comm. Frequency 

8.6s 


0.73 

Scan Flight Instrument & 
Engine Inst. (5 sec) 
every 20 sec. 

11m 





0.86 

Electronics Panel 

8.6s 

0.86 

Switch from 1 LS Frequency 
to-Waypoint 

8.6s 


1.72 

Flight Inst., Engine Inst., 
Cockpit 

30s 

1.72 

Climb Check 

30s 


5.50 

Altimeter 

5s 

5.50 

Set Altimeter 29.92 

5s 
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TABLE D-IX (cont'd) 

SST PILOT AND COPILOT WORKLOAD 


TABLE IX (cont'd) 

SST PILOT AND COPILOT WORKLOAD 

PHASE 


Copilot Visual Task 


1 

Copilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task Duration * I 

Take-Cff. 

6.00 

Electronics Panel 

2s 

6.00 

Switch to Next Comm. Freq. 

2s 

Climb and 

6.03 

Electronics Panel 

8.6s 

6.03 

Select Comm. Frequency 

8.6s 

Accelerate 




44.00 

Notify Pilot - Coming Up 

Is 

(Contd .) 





on Cruising Al ti tude 



44.70 

Scan Flight Inst. & Engine 

41m 






Inst. (5 sec) every 20 sec. 






44.70 

Flight Inst., Engine Inst., 

30s 

44.70 

Cruise Check 

30s 



Cockpit 






45.50 

Electronics Panel 

8.6s 

45.50 

Switch to Next 

8.6s 

- 

46.04 

Electronics Panel 

2s 

46.04 

Switch to Next Comm, 

2s 






Frequency 



46.07 

Electronics Panel 

8.6s 

46.07 

Select Comm Frequency 

8 6s 


60.00 

Fuel Gages, Writing Board 

IQs 

60.00 

Fill Out Fuel Sheet 

10s 


78.07 

Electronics Panel 

8.65 

78.07 

Switch to Next Waypoint 

8.6s 


HO. 07 

Electronics Panel 

2s 

110.07 

Switch to Next Comm. Freq. 

2s 


110.10 

Electronics Panel 

8.6s 

110.10 

Select Next Comm. Freq. 

8.6s 


110.24 

Electronics Panel 

2s 

110.24 

Switch to Next Waypoint 

8.6s 


120.00 

Fuel Gages, Writing Board 

10s 

120.00 

Fill Out Fuel Sheet 

10s 


142.24 

Electronics Panel 

2s 

142.24 

Switch to Next Comm. Freq. 

2s 


142.27 

Electronics Panel 

8.6s 

142.27 

Select Comm. Freq. 

8.6s 


142.41 

Electronics Panel 

8.6s 

142.41 

Switch to Next Waypoint 

8.6s 


175.00 

Electronics Panel 

2s 

175.00 

Switch, to Next Comm. Freq. 

2s 


175.03 

Electronics Panel 

8.6s 

175.03 

Select Approach Control 

8.6s 






Frequency 



' 175.17 

Electronics Panel 

8.6s 

175.17 

Switch to Next Waypoint 

8.6s 


180.00 

Fuel Gages, Writing Board 

10s 

180.00 

Fill Out Fuel Sheet 

10s 


208.00 

Electronics Panel 

2s 

208.00 

Switch to Approach Control 

2s 


208.03 

Electronics Panel 

8.6s 

208.03 

Select Tower Freq. 

8.6s 


208.17 

Electronics Panel 

8.6s 

208.17 

Switch to Next Waypoint 

8.6s 


208.31 

Electronics Panel 

8.6s 

208.31 

Select IL5 Frequency 

8.6s 

Decelerate, 

208.70 

Scan Flight Inst., Engine 

6«5m 




Descend and 


' Inst. (5 sec) every 20 sec 





Land 

223.57 

Altimeter 

5s 

223.57 

Set & Cross-check Altimeter 

5s 


224.50 

Flight Inst., Engine Inst., 

lm 

224.50 

In-Range Check 

1m 



Cockpit 






225.50 

Electronics Panel 

2s 

225.50 

Switch to ILS Frequency 

2s 


231.50 

Flight Inst., Engine Inst., 

20s 

231.50 

Landing Check 

20s 



Cockpit, Writing Board 






232.22 

Gear Handle 

3s 

232.22 

Gear Down 

3s 


232.30 

Electronics Panel 

2s 

232.30 

Switch to Tower Freq. 

2s 


232.35 

Electronics Panel 

8.6s 

232.35 

Select Ground Control 

8 6s 






Frequency 






232.75 

Seat Belt & Smoking Switch 

2s 





232.90 

Call Out Threshold and 

2s 






Final Approach Speed 



233.20 

Monitor Engine Inst, and 

1.5m 






Watch for Runway 









234.65 

Throttle 

45s 


234.70 

Thrust Control 

2s 

234.70 

Thrust Control - Reverse 

2s 






Idle 



234.73 

Engine Instruments 

1 0s 

234.73 

Advance Throttles 

10s 





234.89 

Retard Throttles 

3s 


235.00 

. Electronics Panel 

2s 

235.00 

Switch to Ground Control 

2s 


235.17 

Thrust Control 

2s 

235.17 

Thrust Control - Forward 

2s 






Idle 


Taxi 

238.20 

Cockpit 

1m 

238.20 

Shut Down Check List 

1m 
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TABLE D-X 

CTOL (GA3) PILOT AND COPILOT WORKLOAD 


TABLE X 

CTOL {GA3)-PILOT AND COPILOT WORKLOAD 


Phase 


Pilot Visual Task 



Pilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task 

Duration 

Take-Off 




-0.66 

Hold Brakes 

10s 

and 

-0.63 

Engine Instruments 

1 0s 

-0.63 

* Advance Throttles 

2s 

Departure 

-0.50 

Scan Runway 

33s 

'-0.50 

Release Brakes 

Is 





-0.50 

Control Column, 
Rudder, Throttles 

2.0m 


0.00 

Flight Instruments 


-0.33 

Acknowledge V] 

Is 


l .5m 

0,00 

Acknowledge Vr, Rotate 

3s 





0.08 

Call for Gear Up 
(Right Hand Thumb Up) 

Is 





0.18 

Call for Flaps - 10° 

Is 


0.26 

Engine Instruments 

3s 

0.26 

Reduce Power to Climb 
Setting 

3s 





0.31 

Call- for Flap Retraction 

H 


t.5 

Autopilot 

3s 

1.5 

Engage Auto Pilot 

3s 


1.55 

Pitch Thumb Wheel & 

10s 

1.55 

Adjust Pitch Thumb Wheel 

10s 



Flight Inst. 



for Desired ROC 



1.72 

Scan Flight Inst. & Engine 
Instruments (5 sec) every 
20 sec . 

180s 





1.72 

Flight Inst., Engine Inst., 
Cockpit 

30s 

1.72 

Climb Check 

30s 


8.00 

Altimeter 

5s 

8.00 

Set Altimeter 29.92 

5s 





13.40 

Acknowledge 1000 Feet to 
Cruising Altitude 

Is 


13.42 

Pitch Thumbwheel 


13.42 

Adjust Pitch Thumbwheel 
for Zero ROC 

10s 

Cruise 

13.80 

Scan Flight Instruments 
& Engine Inst. (5 sec) 
every 20s 

24.22m 





13.80 

Monitor Mach. Meter, 
Engine Inst. 

15s 

13.80 

Throttle 

15s 


14.05 

Flight Inst., Engine 
Inst., Cockpit 

15s 

14.05 

Cruise Check 

30s 


58.8 

Monitor Mach. Meter, 
Engine Inst. 

10s ' 

58.8 

Throttle 

10s 


Descent & 

105.7 

Scan Flight Inst. & Engine 

165s 

105.7 

Advise Crew of Descent 

2s 

Landing 

105.73 

Inst. (5 sec) every 20 sec. 
Engine Instruments 

3s 

105.73 

Throttle 

3s 


106.23 

Pitch Thumbwheel 

10s 

106.23 

Adjust Pitch Thumbwheel 
for Desired ROD 

10s 


106.4 

Flight Inst., Mach. Meter, 
IAS 

10s 

106.4 

Adjust Throttle 

10; 


108 4 

Flight Inst., Mach. Meter, 
IAS 

10s 

108.4 

Adjust Throttle 

10s 


108.57 

Altimeter 

5s 

108.57 

Set & Cross-ch =k 
Altimeters 

5s 


110.4 

Flight Inst., Mach. Meter, 
IAS 

10s 

110.4 

Adjust Throtllo 

10s 


111.7 

Flight Inst., Engine 

1m 

111.7 

Call for In- Range Check 

Is 



Inst., Cockpit 


111.7 

In- Range Check 

1m 


112.73 

Monitor Airspeed 

2s 

112.76 

Call for Flaps 15° 

Is 
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TABLE D-X (cont'd) 

CTOL (GA3) PILOT AND COPILOT WORKLOAD 


TABLE X (cont'd) 

CTOL (GA3) PILOT AND COPILOT WORKLOAD 


Phase 


Pilot Visual Task 



Pilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task 

Duration 

Descent & 

112.79 

RMI 

5s 

112.79 

Move Hdg Bug to 

5s 

Landing 





Required Heading 


(Cont'd) 

112.87 

Auto Pilot 

3s 

112.87 

Auto Pilot - Hdg. Sel. 

3s 

112,92 

Monitor Airspeed 

2s 

112.95 

Call for Flops 25° 

Is 


115.0 

Auto Pilot 

3s 

115.0 

Auto Pilot - Turn 

3s 


115.05 

Turn Knob 

2s 

115.05 

Turn Knob 

45s 


115.5 

Monitor Airspeed 

2s 

115.53 

Call for Gear Dov/n 

Is 


116. 0 

Auto Pilot 

3s 

116.0 

Auto Pilot - IL5 

3s 


116.47 

Monitor Airspeed 

2s 

116.5 

Call for Flaps 35° 

Is 


116.63 

Flight Inst., Engine 
Inst., Cockpit 

20s 

116.63 

Landing Check 

20s 


117.47 

Monitor Airspeed 

2s 

117.5 

Hand on Throttle 

2.95m 


117.5 

Monitor Flight Inst. 

2.25m 

117.5 

Call for Full Flaps 

Is 



118.0 

Repeat Threshold & 
Final Approach Speed 

2s 




119.75 

Approach Lights & Runway -45s 

119.75 

Auto Pilot - Disengage 

Is 





119.75 

Control Wheel, Rudder 






119.75 

Throttle Back 

2s 





120.0 

Touchdown 






120.0 

Calf - Buckets 

Is 





120.20 

Brakes 

18s 


Taxi 

120.50 

Taxi Way 

120.50 

Rudders &• Brakes* Throttle 3m 


123.5 

Cockpit 

123.5 

Shut Down Check List lm 


Phase 


Copilot Visual Task 



Copilot Manual Task 



Start Time 

Task 

Duration 

Start Time 

Task Duration 

Departure 

-0.50 

Monitor IAS, Engine 
Inst./ Flight Inst. 

33s: 

-0.35 

Notify Pilot V] 

Is 




-0.02 

Notify Pilot Vj, 

Is 


0.07 

Electronics Panel 

2s 

0.07 

Switch from Tower to Dep. 
Cont. 

2s 


0.10 

Gear Handle 

3s 

0.10 

Gear Up Handle 

3s 


0.20 

Gear Position Indicator 
& Flap Handle 

3s 

0.20 

Flap Handle 10° 
Flap Handle 0° 

3s 


0.33 

Flap Handle 

3s 

0.33 

3s 


0.38 

Electronics Panel 

2s 

0.38 

Switch from 1LS Freq. 
to VOR Freq. 

2s 


0.41 

Electrical Switch 

2s 

0.41 

Seat Belt-Smoking Switch 

2s 


0.44 

Electionics Panel 

8.6s 

0.44 

Select Nav. Freq. 

8.6s 


0.59 

Electronics Panel 

8,6s 

0.59 

Select Comm. Freq. 

8.6s 


0.73 

Scan Flight Inst. & Engine 
Inst. (5 sec) every 20 sec. 

i 197s 


Climb Check 



1.72 

Flight Inst., Engine Inst. 
Cockpit 

30s 

• 1.72 

30s 

Set Altimeter 29,92 


8.00 

Altimeter 

5s 

8.00 

5s 


9.00 

Electronics Panel 

2s 

9.00 

Switch to Next Comm 
Freq. 

2s 


9.03 

Electronics Panel 

8.6s 

9.03 

Select Comm. Freq. 

8.6s 




13.38 

Notify Pilot 1000 Feet 
to Cruising Altitude 

u 
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TABLE 'D-X (cont'd) 

CTOL (GA3) PILOT AND COPILOT WORKLOAD 


TABLE X (cant'd) 

CTOL (GA3) PILOT AND COPILOT WORKLOAD 


Copilot Visual Task 


Copilot Manual Task 


Start Time 

Task 

Duration 

Start Time 

Task Duration 

13.80 

Scan Flight Inst, & Engine 

24.22m 





Inst. (5 sec) every 20 sec. 




14.05 

Flight Inst., Engine Inst., 

30s 

14.05 

Cruise Check 

30s 


Cockpit 





14.55 

Electronics Panel 

2s 

14.55 

Switch to Next Nav. 

2s 





Freq. 


14.58 

Electronics Panel 

8.6s 

14.58 

Select Next Nav, Freq. 

8.6s 

29.0 

Electronics Panel 

2s ‘ 

29.0 

Switch to Next Comm, 

2s 





Freq. 


29:03 

Electronics Panel 

8.65 

29.03 

Select Comm. Freq. 

8.6s 

59.00 

Electronics Panel 

2s 

59.00 

Switch to Next Nav. Freq, 

. 2s 

59.03 

Electronics Panel 

8.6s 

59.03 

Select Next Nav. Freq. 

8.6s 

<50 00 

Fuel Gages, Writing Boarc 

1 10s 

60.00 

Fill Out Fuel Sheet 

10s 

80.00 

Electronics Panel 

2s 

80.00 

Switch to Next Comm. Freq 2s 

80.03 

Electronics Panel 

' 8.6s 

80.03 

Select Next Comm. Freq. 

8.6s 

80.17 

Electronics Panel 

2s 

80.17 

Switch to Next Nav. Freq. 

2s 

80.20 

Electronics Panel 

8.6s 

80.20 

Select Next Nav. Freq. 

8.6s 

100.00 

Electronics-Panel 

2s 

100.00 

Switch to Next Comm . Freq 2s 

100.03 

Electronics Panel 

8.6s 

100.03 

Select Approach Control 

8.6s 

100.17 

Electronics Panel 

2s 

100.17 

rreq 

Switch to Next Nav. Freq. 

2s 

100.20 

Electronics Panel 

8.6s 

100.20 

Select ILS Freq. 

8.6s 

105.7 

Scan Flight Inst., Engine 

165s 





Inst. (5 sec) every 20 sec 





108.57 

Altimeter 

5s 

108.57 

Set & Cross-check Altimeter 5s 

111.7 

Flight Inst., Engine Inst., 

1m 

111.7 

In-Range Check 

lm 


Cockpit 





112.78 

Flap Handle 

3s 

112.78 

Flap Handle 15° 

3s 

112.95 

Flap Handle 

3s 

112.95 

Flop Handle 25<> 

3s 

114.97 

Electronics Panel 

2s 

114.97 

Switch to ILS Freq. 

2s 

115,55 

Gear Handle 

3s 

115.55 

Gear Down 

3s 

116.5 

Flap Handle 

3s 

116.5 

Flap Handle 35° 

3s 

116.63 

Flight Inst., Engine Inst,, 

20s 

116.63 

‘Landing Check 

20s 


Cockpit, -Writing Board 





117.5 

Flap Handle 

3s 

117.5 

Flap Handle Full 

3s 

117.55 

Electronics Panel 

2s 

117.55 

Switch to Tower Freq. 

2s 

117.58 

Electronics Panel 

8.6s 

117.58 

Select Ground Control 

8.6s 





Freq. 





118.0 

Call Out Threshold & 

2s 





Final Approach Speed 


. 118.5 

Monitor Engine Inst. & 

1.25m 

118.05 - 

Seat Belt & Smokinq Switch 2s‘ 


Watch for Runway 


119.95 

Throttle 

45s 

120.0 

Thrust Control 

2s 

120.0 

Thrust Control - Reverse 

2s 





Idle 


120.03 

Engine Inst. 

10s 

120.03 

Advance Throttles 

10s 



3s 

120.19 

Retard Throttles 

3s 

120.30 

Electronics Panel 

2s 

120.30 

Switch to Ground 

2s 





Control 


120.47 

Thrust Control 

2s 

120.47 

Thrust Control - Forward 

2s 





Idle 


123.5 

Cockpit 

lm 

123.5 

Shut Down Check List 

lm 
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TABLE D-XI 
GA2 PILOT WORKLOAD 


PXc*e 


Pilot Vlwol To* 


Filot Morwol To* 


Phase 


Pilot V.taol la* 


Pilar Monual Ta* 



Start IiMh 

To* Duretlwi 


To* 

Duration 


Start Time 

To* IX rot ion 

Start Time 

la* 


Taxi 

-6. Km 


-6.64m 

Ad jo it Seat, Fasten Srot 



0 44m 

Monitor A. r speed 10* 

0 44m 

Adjust Inin 

10s 





Brit, lock Door* 
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APPENDIX E 

NAVTRACS GROUND AND AIRBORNE SYSTEM COSTS' 

Costs of ground and airborne equipments - e.g., Omega, VORTAC, 

Decca, Loran C, and NAV SAT ground stations - including both developmental and 
maintenance costs, were compiled and tabulated, in Appendix E. Avionics equipment 
costs for air carrier and general aviation installations are also tabulated. Costs were 
compiled from a series of references including Ref.[52]and Ref. [93} 

E. 1 ... AREA NAVIGATION SYSTEM COSTS 

Table E-| lists area navigation system costs. Including unit cost and annual 
maintenance. Airborne avionics costs for aircarrier and general aviation are separately 
tabulated. 


TABLE E-P ; 

AREA NAVIGATION SYSTEM COST 



E-l 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


13 

14 

15 


Foreign based '*• 

Contiguous U. S. 

43 U. S. Funded 
Atlantic Ocean Area 
Pacific. Ocean Area 
Temperate Zone 
Tropic Zone 
Arctic Zone 

Doesn't include annual charges for control circuits, site, leasing, etc. 
Has cycle matching feature 
No cycle matching 
Cost broken down. as follows: 


R and D 

Spacecraft 

Ground Station 

Ground- Station Operations 


$ 66,000,000 

14.000. 000 

15.000. 000 

10.000. 000/ year 
$106,000,000 


Lower figure is based oh ground based computations 

ILS capability is usually contained in the equipment used with the VORTAC system 
Includes Operators 
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APPENDIX F 

CANDIDATE NAVIGATION SYSTEMS 
F.l INTRODUCTION 

This Appendix presents the results of a review and analysis of nine 
candidate navigation aids which was undertaken to determine their suitability for use 
as primary aids in the navigation ATC system. The contractor was obligated to examine 
the four systems listed as items 2, 3, 7 and 8, below. In addition, growth versions of 
three of the systems were postulated and evaluated. They are listed as items 4, 5 and 6. 
Omega and VOR/DME, systems 1 and 9 respectively, were also evaluated for complete- 
ness. 


Ground Based Time Difference Aids (GBTD) 

1 VLF/CW (Omega) 

*2 LF/CW (Decca) 

*3 LF/Pulse (Loran C) 

Differential Time Difference Systems (DTD) 

4 VLF/CW 

5 LF/CW 

6 LF/Pulse 

Other Systems 

*7 Navigation Satellite 
*8 Radio-Inertial 
9 VOR/DME 

^Indicates the systems for which an evaluation was required 
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Operational advantages, disadvantages and principal differences of each of the systems 
are discussed and a detailed accuracy analysis is presented. 

F.2 GROUND BASED TIME DIFFERENCE SYSTEMS 

Time difference position fixing (PF) systems have several 
attributes that make them worthy of consideration for an advanced 
navigation-air traffic control system. The following paragraphs 
contain some of the principles of operation upon which time difference 
systems are based. The attributes and deficiencies of these systems 
are presented to demonstrate the physical advantages and limitations 
of time difference navigation aids. No comparison as to the relative 
merits of existing time difference systems or concepts is to be implied; 
however, examples of existing systems are used where appropriate. 

F.2. 1 System Constraints 

This study is structured around the pilot's requirements for a 
future navigation/air traffic control system. Some physical parameters 
of a ground based time difference system can be ascertained from three 
of the navigation operational requirements. These three requirements 
are: 

(1) Line of sight independent 

(2) Minimal number of ground stations 

(3) Satisfy accuracy constraint 

The combination of the first two requirements implies that 
beyond-the-horizon coverage is desirable. This constrains the operating 
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frequency of the system to frequencies in the VLF and LF spectrum. 

The choice of operating frequency within this spectrum is basically a 
trade-off between accuracy and coverage area. The fundamental merits 
and deficiencies of ground based time difference systems are discussed 
in the remainder of this section. ' 

F.2.2 Principle of Operation 

This section contains a description of the geometry of TD systems 
and a discussion of the radio signals. 

F.2.2. 1 TD Geometry 

A user s line of position (LOP) is formed by measuring the differ- 
ence in the time of arrival of synchronized signals emanating from two 
remote transmitters. The line of constant time difference is a hyperbola 
with the two transmitters as foci. Hence these systems are often called 
‘ hyperbolic navigation aids. The intersection of two hyperbolic LOP's 
yields the user's position. In most applications three transmitters are 
used. One transmitter designated the master station is used in both of 
the time difference measurements. The other two stations are called 
slaves. The master and slave stations are collectively called a chain. 

The lines between the master and slave stations are called baselines and 
the extension of this line beyond the stations is called, the baseline exten- 
sion. The geometric properties (called GDOP for geometric dilution of 
precision) -of time difference systems are such that the highest position- 
fixing accuracy is available in the area between the baselines and little 
or no coverage is obtained on or near the baseline extensions. Figure F-i 
indicates a typical hyperbolic system geometry. The angle between the 
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baselines is usually between 120° - 150°. This range of angles 
represents a compromise between coverage and accuracy. The coverage 
area can be increased significantly when a third slave station is added 
as shown in Figure F-2. A signal flow diagram for a ground based TD 
system is shown in Figure F-3, The monitor station provides the time 
synchronization for the chain. The monitor station receives the signals 



Figure F-l. Typical Hyperbolic System Geometry 
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Figure F-2. Inree Slave Configuration 



Figure F-3. Ground Based Time Difference System 
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in the same manner as a user aircraft. However, the monitor receiver 
is in a stationary environment^ thus the time difference signals are 
nominally constant. Variations in the received signal are caused by 
the reception of atmospheric noise and drifts In the local oscillators 
of the master and slave stations. The atmospheric noise has a much 
higher frequency content than the oscillator drift. The oscillator 
drift can thus be identified by filtering the received time difference 
signals and comparing the output to a standard time difference reference. 
Synchronization data is then data-linked back to the slave stations for 
correction. 

F.2.2.2 Radio Frequency Signals 

The radio frequency signals are the medium through which the 
user aircraft obtains its position data. Therefore it is important 
to know how environmental and physical factors affect these signals. 
Among the important factors that are discussed in this section are: 

(1) propagation media (groundwave, skywave) 

(2) signal modulation (pulsed, CW) 

(3) atmospheric noise 

(4) diurnal variations 

(5) surface irregularities (conductivity, mountains) 

(6) aircraft dynamics 

F. 2.2;2.1 CW Signals 

Both pulsed and'CW signals may be used in TD systems. Phase 
comparison of the TD signals is a relatively straightforward signal 
processing function. However, the phase repeats at a distance of X/2 
along the baseline, where X is the wavelength of the signal. This 
repetition of the phase produces ambiguities in the time difference 
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readings which must be resolved. A widely used technique for resolving 
these ambiguities is multiple frequency transmissions. A frequency of 
f+ Af is transmitted during part of the transmission period where f is 
the nominal operating frequency and Af is a fractional frequency 
deviation on the order of . If to ,2f. Phase comparisons can be made 
at the frequency Af and the ambiguity can be resolved to the wave- 
length corresponding to Af. 

F.2.2.2.2 Pulsed Signals 

Pulsed signals have some operational advantages over the CW 
signals. Ambiguity resolution is unnecessary if the pulses are separated 
sufficiently in time (approximately. 1 ms for each one hundred kilometers 
of baseline length). In addition, pulsed signals can be used to discriminate 
against skywave contamination in those systems that rely upon groundwave 
propagation; However, the pulse measurement quite definitely has limita- 
tions. Leading edge comparison is not sufficiently accurate for navigation 
purposes due to the limited available bandwidth in the VLF and LF signals. 

In order to retain pulse advantages but also yield accurate navigation 
data, phase measurements are made on the carrier frequency and the pulse 
envelope is used to resolve the ambiguity. The pulse systems incur a 
penalty with respect to the CW systems in the rejection of atmospheric 
noise. The signal is available for only a fraction of the transmitting 
period. Consequently, the average power at the receiver input is far 
below the peak received power. To offset this reduction in average power, 
high peak power and long averaging times are required. The long averaging 
times can create instability in high performance aircraft receivers. Often the 
receiver must be supplied with external velocity inputs. 

F.2.3 Accuracy of Ground Based TD Systems 

The accuracy of a ground based TD system Is a function of many 
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parameters. Several of these parameters are discussed end first estimates of 
the magnitude and variations of several error sources are presented. 


F.2.3.1 Genera! Discussion of Errors 


In order to discuss accuracy and errors, it is first necessary to define 
what is meant by these words, in order to define an error, it is necessary to 
observe a measurement and compare this measurement with some reference 
standard. The choice of the reference is obviously very important. The posi- 
tion reference that is used in this report for enroute flight legs is geocentric 
latitude and longitude as obtained from an accurate survey. An information 
flow diagram of the TD receiver and coordinate converter with error inputs 
is shown in Figure F-4. 


TD SIGNAL | 

— — — i 

ATMOSPHERIC NOISE J 
I 



Figure F-4. Information Flow Diagram for TD System Errors 
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The geometry and propagation model indicated in the center of the 
diagram may be a stored computer program in an onboard or ground computer, 
or it may be a chart that was prepared from a geometry and propagation model. 
The error in position as found from the receiver/coordira te converter is a 
function of the ability of the receiver to: 

(1) provide sufficient resolution 

(2) discriminate against atmospheric noise 

(3) contribute minimal internal set noise 

(4) accurately track aircraft maneuvers .... 

and of the coordinate converter to utilize an accurate model of the 
geometry and propagation variables in order to minimize errors due 
to: 

(1) velocity of propagation as a function of distance 

(2) aircraft altitude 

(3) atmospheric refraction 

(4) terrain anomalisms such as mountains 

(5} conductivity variation in the earth's surface 

(6) oblate earth 

(7) ionospheric variations. 

Two additional error sources may occur due to improper chain 
installation and operation. These are: 

(1) errors in the synchronization of the transmissions 
from the master or slave stations 

(2) survey errors in the location of the transmitters. 

F.2.3.2 Error Classification 

Errors in navigation systems are described in several ways. 

Some authors prefer the terms rand om and systematic errors; others 
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prefer' to use bia^rather than s yste mati c er rors; in addition, the terms 

predictab ilit y and repe^abi lj and rela tive error, are often used. In this 
report the latter terms will be used in the following way: 

0) repeatability errors: those errors which affect a user's 
ability to repeat a flight path at a different time 
and measure the same time differences. 

(2) predictability errors: those errors which affect a user's 
ability to predict values of time differences at a given 
point. These errors are essentially constant with time 
at a given point. 

(3) relative errors: those errors which affect the ability 
of two users at different points to obtain their relative 
position from the TD measurements. An important 
consideration for relative error is the gradient of 
predictability' error with distance. 

The error sources for three TD concepts are discussed in the following 
paragraphs. 

F.2.3.3 CW System/VLF Receiver 

VLF systems make use of stable skywave signals. The earth 
and ionosphere form a spherical waveguide in which the VLF signals 
propagate for very long distances. Several modes are present in this 
waveguide just as in typical microwave waveguides. However, at 
long distances one mode is dominant. For instance,at ranges greater 
than 600 nmi for a 10 KHz signal, one mode is dominant and navigation 
information can be obtained from phase measurements upon this signal. 
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F .2.3.3. 1 Dynamic Error and Atmospheric Noise Error Trade-Off 

The navigation receiver is assumed to have a phase locked 
tracking loop for each transmitter. The transfer function for this loop 
is assumed to have Type 2 feedback control system characteristics. 

An analysis of such a tracking loop is contained in Section F.2.5. The 
receiver constant B is established as a trade-off between dynamic 
response errors and atmospheric noise errors. From Equation (62), 
Appendix F, Section F. 2.4.1, the dynamic response error is: 

Si= -2— HS (1) 

cB 

2 

where a = aircraft acceleration (m/sec ) 

c = velocity of propagation (300 m/ps) 

B = receiver constant (rad/sec) 

and from equation (27), the rms noise error is: 



where f — carrier frequency 
B = receiver constant 

n = rms noise field strength density (pV/m/Hx 2) 

S = rms signal field strength (pV/m), 

Pessimistic noise and acceleration figures are used in the following 
analysis to yield a result for the receiver bandwidth. The three-sigma 
acceleration is assumed to be a 2g lateral acceleration upon the air- 
craft. The transmitter is assumed to produce a lOkHa signal with 
lOkW of radiated power. The lOkW figure is the operational goal 
of the Omega system and thus represents a real istic SOA power output 
The atmospheric noise is taken from CCIR Report No. 322 [79]. The 
noisiest four-hour period during the year in the New York City area 
is the time from 0000 to 0.400 hours during a summer night. A log 
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normal distribution curve was computed as per instructions in the 
report and the hourly average noise' value, exceeded only 1% of the 
time, was estimated and used in the computations. This value was: 

n - 53 pv/m/(H*)2 (3) 

The field strength was computed from a formula from Watt and Plush 
[81]. 

E ~ K + Pr - 10 I°9 iq (f[cH*) ~ ^ log^ta s ' n ^/o] - ad/lOOf (4) 

where E - vertical field strength (db above 1 pv/m) 

Pr = radiated power (db above 1 kW) 
f^Hz = carr i e r frequency (kHs) 

a = radius of the earth (~ 6,400 km) 
d = distance from the transmitter (km) 

K = constant (94.8 db - night, 97.5 db - daytime) 
a = attenuation constant. 

Watt and Plush use an extrapolated value of a = 4.5 db/1000 
km; however, later theoretical and experimental estimates are a = 

3 db/1000 km. Using the later value for a and a distance of 6000 nmi, 

S s 10 E / 20 = 14.8 pv/m (5) 

The dynamic error and the rms noise error were equated to estimate a 
trade-off receiver constant. As a result 

B = . 106rad/sec 

and 5t ~ 6.0 p s 

A time error of 6.0 ps corresponds to a phase error of 22° at 
10 kc. This is certainly marginal performance for the VLF receiver. 

Much better performance could be obtained by reducing the receiver 
constant B to improve the noise performance and by providing rate 
aiding for the tracking loop to improve the dynamic response of the 
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receiver and thus reducing the steady state acceleration error. This 
requires some onboard computation facility to resolve radial and tan- 
gential velocity components. 

. In addition to the atmospheric noise and, dynamic response 
errors, several other error sources influence the TD system. 

F.2.3.3.2 Diurnal Variations 

The reflecting height of the ionosphere varies with the time 
of day. This is due to the solar energy incident upon the free elec- 
trons in the ionosphere. This, in effect, changes the dimensions of 
the waveguide,which in turn changes the phase of the transmitted 
signal. Correction tables for this diurnal phase shift, based upon an 
ionospheric model, can be calculated. Such corrections have been 
calculated for the 10.2 kHz Omega signal. Swanson [82] has indi- 
cated that from 13,000 hours of measurements from widely separated 
locations the rms LOP variations range from 3 ps during the day 
(13.6 kHz) to 6 ps at night (10.2 kHz). The total change in phase is 
on the order of 50 ps. The correction of the diurnal shift is a func- 
tion of time of day and user’s position. Corrections would contribute 
to pilot workloading if manual look-up and addition tasks were required. 
No additional workload for navigation tasks are required for the user 
who has stored-corrections in an onboard computer or for the user who 
is connected to a ground computer via a data link. 

F.2.3,3.3 Precipitation Static 

The discharge of charged water vapor particles upon the receiving 
antenna has produced sufficient noise to cause loss of signal in early 
aircraft antennas. Development of properly shielded antennas has shown 
promise of reducing this problem. 
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F. 2.3. 3. 4 Resolution and Instrument Error 

Resolution of the phase-locked tracking loop is approximately 0. 1 ps. 
Internal receiver noise also produces a very small error in the output time 
difference measurements. 

F.2.3.3.5 Mode Interference 

The spherical waveguide produces at least two prevalent 
modes. In some regions close to the transmitters, both modes are 
present and can cause erroneous phase measurements. 

F.2.3.3.6 Phase Anomalies 

Sudden ionospheric disturbances have been observed to 
introduce time shifts of up to 50 ps. The peak of the disturbance 
may occur as soon as 15 minutes after the beginning of the disturbance 
and the entire disturbance has been observed as long as 1.5 hours. 

Magnetic storms and meteor shower ionization have been obser- 
ved as causing phase anomalies. Pierce [83] observed phase jitters(at 
nighf) of 5 ps during magnetic storms; and Chilton [84] 
observed deviations of 14 ps from the monthly average for meteor 
shower ionization. 

Errors of the magnitude of those caused by SID's, and to a 
lesser extent the magnetic storms and meteor shower ionization, would 
cause large errors ofup to 10 miles in the PF capability of the system. 

These errors are not within the accuracy constraints for the 1975-85 
navigation accuracy requirement. Thus corrections 
for phase variations due to phase anomalies must be incorporated into 
any VLF system for use as a primary navigation aid. Either reliable 
prediction procedures must be incorporated or ground station calibration 
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procedures must be defined to reduce errors cassed by phase anomalies. 

F. ? ,3.3.7 Coordinate Transformation and Station Locations 

Coordinate transformations must relate the time difference 
measurements to points on the earth through some algorithm and a 
model of the geoid. The standard model of the geoid for survey 
purposes is an ellipsoid of revolution about the polar axis, or it is 
also called an oblate spheroid. Land surveys have made use of 
different major and minor axes of the ellipse in various areas of the 
world. Mathematical expressions are available for computation of 
distance and azimuths on the surface of the ellipsoid. Simple 
spherical trigonometry can produce errors of 9 nmi at a distance of 
6000 nmi, so correction terms are necessary if spherical trigonometry 
is used. An error of one hundred parts per million is assumed. 

Transmitting station positions must be known to a high degree 
of accuracy if the user is to find his position accurately. With the 
geodetic survey satellites such as SECOR, the limitation in station 
location is the accuracy with which the control stations are known 
[Ref 85]. An accuracy of 10 parts per million has been assumed. 


F.2.3.3.8 Summary of VLF Error Sources 


A design point system with the following parameters was analyzed: 


System 
Frequency 
Transmitter power 
Design range 
Aircraft acceleration 


VLF time difference 
10 kHz 
10 kW 

600-6000 nmi 

2g. 
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Receiver Tracking Loop Type 11/ critically damped, 

feedback control system, no 
rate aiding 

Noise environment 0000-0400 hrs summer night. 

New York City; hourly average 
noise exceeded only 1% of the 
time. 


The time difference accuracies are for independent paths: 


2 

2 

2 

ff TDl 

= CT P1 

+ <j _ _ 

P2 

2 

2 

2 

ct TD2 

ff P3 

+ CT p 2 

where 

C TDi = 

standard deviation of i th time difference 


a P[ 

standard deviation of j th path error 


( 6 ) 

(7) 


Scott [84] has shown contours of constant error due to GDOP. 
Most areas lie inside a contour of K = 1.0 where 


K = d rms/cAt 

where d rms = rms radial error 

c = velocity of propagation 
ff At ~ f ' me d ' fference error ( ct j D ] = 0’ TD2 = CT AT ) 


Expected performance of the VLF time difference system would be 
estimated as shown in Table F-l. 


F.2.3.4 LF System/CW Receiver 

Low frequency PF systems make use of the phase of a very 
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TABLE F-l' 

VLF/CW SYSTEM ERRORS 



Time 

Time Diff 

Location 1* 

Location 2** 


(ps) 

M 

(nmi) 

(nmi) 

REPEATABILITY ERRORS 





Resolution and Receiver Noise 

0.5 

0.71 

0.115 

0.115 

Atmospheric Noise - Location 1 

2 

2.83 

0.458 


Atmospheric Noise - Location 2 

6 

8.49 


1.375 

Acceleration Error 

■ 1.5 

2.12 

0.343 

0.343 

PREDICTABILITY ERRORS 





Diurnal Phase Shift 





Uncoirected 

50 

70.71 

11.45 

11.45 

Night Corrected 

18 

25.46 

4.14 

4.14 

Day Corrected 

9 

12.73 

2.07 

2.07 

Transition Corrected 

12 

16.97 

2,76 

2.76 

Oblate Earth - Location 1 

0.0001D 

0.42 

0.07 


Oblate Earth - Location 2 

0.0001D 

0,85 


0.14 

Station Location 

0.5 

0.71 

0.12 

0.12 

Phase Anomalies (SID) 

50 

70.71 

11.45 

11 .45 

POSITION ERRORS: 

REPEATABILITY 


.58 

1.42 


PREDICTABILITY 

- Day 

2.15 

2.52 



Night 

4.18 

4.38 



Transition 

2.82 

3.11 



SID 

12.19 

12.26 


D = Mean Distance to Transmitters 
* Location 1 - D = 3000 nmi 
**Location 2 - D = 6000 nmi 


stable ground wave signal to obtain position information. The LF 
systems are capable of medium range applications. The range of a 
CW system for aircraft operation is 10-200 miles from the transmitter. 
The range is limited by altitude errors due to slant range effects at 
close range and skywave contamination at night at long range. 


F— 17 



PN5I-TR -69-0301 -III 


F*2.3.4.1 Atmospheric Noise and Dynamic Errors 

The following system parameters are compatible with present 
off-the-shelf equipment and are chosen for error analysis:' - 

System: LF-CW Time Difference 

Frequency: 100 KC 

Power: 600 W radiated power 

Range: 200 miles over land (a = .005 mho/meter) 

Aircraft Acceleration Limit = 2g 

Atmospheric Noise: 13.7 pv/m in 1Hz bandwidth 
(hourly average noise exceeded only 1% of the time 
in New York City area during the noisiest four-hour 
period of the year - 0000-0400 hours, summer night 
[Ref 79]) 

Signal Field Strength: 515 pv/m @200 miles [Ref 86] 

Equating the time errors for a CW receiver for atmospheric noise and 
dynamic lag due to acceleration from Section F.2.5, the trade-off 
receiver constant is 

B = 1.88 rad/sec 

and the corresponding design error is 

St < .0185 ps 

This is a very acceptable upper bound on the error. Consequently, 
rate aiding appears unnecessary for a CW receiver that operates within 
the above constraints. 
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F.2.3.4.2 Ionospheric Effects 

The primary limitation upon LF/CW ground wave systems is 
the interfering effects of the reflected signal from the ionosphere. 
This reflected wave has an arbitrary phase shift with respect to the 
ground wave and thus causes phase errors. This effect is shown in the 
phasor diagram of Figure F-5. 



Figure F-5. Sky Wave, Ground Wave Phasor Diagram 


The resultant phase error 9 is 


9 - tan 


/ Es sin 0 
\ Eg + Es cos 0 


where Es = skywave field strength 

Eg — ground wave field strength 
0 = arbitrary phase angle 


The maximum phase error is 



Williams [Ref 87 1 presents the formula 

.2 

.2 


P _2Eo , D 
Es = tjj — 


D 


d 2 + AW 


( 8 ) 


(9) 


( 10 ) 
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For distances up to 200 miles the ground wave field strength is 
approximately 

Eg « so that for small angles 


9 



d 2 + 4H 


2 


0D 

02 ) 


The resulting time error is plotted in Figure F-6. At night the reflection 
coefficient increases significantly from the day value. The increase in 
time error is sometimes referred to as the "night effect". 

At distances greater than 200 nmi, the ground wave assumes a 
greater attenuation rate than that of Eo/D. Meanwhile theskywave is 
approaching an attenuation rate proportional to 1/D and at a distance of about 
400 miles the nighttime skywave and the ground wave are equal in 
amplitude. 



NIGHT - 1)1 = 0.25 H = 90 km 
DAY -ip =0.05 H = 70 km 


Figure F-6. Sky Wave Error 
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The error growth in Figure F-6 is approximately 

6t = 0.0008D pj s day 
St = 0.0033D ps night 

F.2.3.4.3 Resolution Error and Receiver Noise 

The state of the art in the phase detection of phase locked 
loops is about one part per thousand. Thus a conservative value of 
resolution error and set noise is 

a ss 0.02us 

t 

F.2.3.4.4 Velocity of Propagation 

The velocity of propagation of the LF ground wave is a 
function of several parameters, Johler et al (Ref.86) have presented 
theoretical calculations for the magnitude of the phase error due to 

(1) distance from the source 

(2) atmospheric refraction 

(3) different surface conductivities 

The authors use a time correction tc which should be subtracted from 
the predicted time measurement to yield the correct propagation time 
at a distance D. 

For typical land conductivities (a = .005 mho/m) and propagation 
distances of up to 200 mi 

tc = 1.23 + ,87ps 

The gradient of the correction is 
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.009 jj s/mile @D = 10 miles 

Ate _ 

AD ~ 

.002(j s/mile @D = 200 miles 

Hence the assumption of a constant velocity of propagation (hence 
a constant gradient of tc) is in error. Scoff [ Ref 88 ? has obtained 
excellent agreement with the theoretical values of tc as calculated 
from the formulation of Johler ef al [ Ref 86 3 by using a least squares 
fit of the form 

tc = £• + B + CD (13) 

where the constants A, B and C change with conductivity and altitude. 

The knowledge of what value to use for conductivity is also 
important in determining which value of tc to use. If a path is assumed 
to be of conductivity a = 0.005 and the actual conductivity is a — 0.002 
the resulting time error at 200 miles is 0.93ps. This effect can produce 
large predictability errors in the time difference measurements. 

Propagation paths of mixed conductivity are more likely to occur than that 
of constant conductivity. An error of 0.4 p$ for the velocity of propagation 
was assumed for these mixed paths. 

Atmospheric refraction affects the velocity of propagation to a 
small extent as does the vertical lapse rate of the atmosphere. These 
effects are small, however, when compared with conductivity variations. 

F.2.3.4.5 Altitude Effects 

As an aircraft approaches a transmitter two phenomenon occur. 

First, the slant range from the source to the aircraft begins to deviate 
from the ground range. The second effect is that the receiver begins 
to receive signals from the near field of the source. Both effects can 
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produce large time anomalies from the typical model of the phase fronts 
of the signals. Hence it is desirable to operate at least a few wavelengths 
removed from the transmitters. At altitudes less than 25,000 ft., which 
include terminal area altitudes, altitude compensation is innecessary. At 
25,000 ft. a 10a increase in the ground-level error will result. The error is 
within the 1975-85 accuracy requirement. 

F.2.3.4.6 Phase Anomalies 

Phase anomalies have been demonstrated theoretically by 
Johler and Berry [ Ref 89 J, Wait [ Ref 90] and several other 
theoreticians. Phase anomalies due to conductivity boundaries have 
been observed by Williams [ Ref 87 ] and others. Anomalies due 
to terrain features such as mountains have been observed by O' Day 
[ Ref 91 1. 

Johler and Berry simulated the effect of a gaussian shaped 
ridge upon the phase and amplitude of the LF ground wave. Their 
theoretical work showed sudden deviations of approximately 0.3 ps 
near a 0.5 km ridge. This effect was also apparent at an altitude 
of 10 km. Deviations of over 1.5p$ were calculated for a ridge of 
height 2.5 km. 

Wait's paper describes the phase variation upon crossing a 
conductivity boundary. Wait's curve for q = 0.03 is typical of a. 
land-sea boundary at 100 kc. This curve indicated a deviation of 
0. 15 ps at a distance of 4.7 mi past the boundary. The phase anomalies 
are not entirely local effects. 

O.’ Day observed phase variations of Decca signals in an Arizona 
field test. Phase variations of 0. 1 to 0.25 lanes (~ . 12 to .30 ps) are 
indicated over broad areas of the. test region. A very interesting demon- 
stration of the phase variation is shown by the data taken along the 
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Hachita Road. The phase deviation changed by as much as 0. 15 lanes 
in four miles which indicates some high frequency error components. 

Since the principle use of LF navigation has been over water, very 
little experimental work has been documented as to the magnitude and 
frequency spectrum of these errors. Volz [ Ref 92 J has demonstrated 
that the Arizona data of O' Day's exhibited spatial correlation tendencies. 
Thus there is some experimental evidence that error reduction is 
possible through the use of these spatial correlation properties. 

However, data is very scant in this field, and more experimental 
work is necessary both in coastal and mountainous areas and in 
urban and rural areas to validate this hypothesis. A description of 
how such error reduction techniques may be applied to TD systems 
is described in Section F.2.4. 

F.2.3.4.7 Station Location and Chain Operation Errors 

Chain synchronization errors can be made small by using a 
stationary monitor station to record TD readings. The TD measurements 
are compared to a standard, and corrections are sent to the transmitters. 
Some degradation can be expected at night when skywave contamination 
reduces the system repeatability. Since the stations are separated from 
50 to 100 miles, a satellite survey accuracy of 10 parts per million 
yields an error of only 5 feet. 

F.2.3.4.8 Ellipsoidal Earth Corrections 

Simple correction terms can yield moderately accurate distance 
(~ . 1 mile) and azimuth computations for distances on the ellipsoid of 
up to 200 miles. More sophisticated solutions are possible for the users 
with sufficient computer capability. 
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F. 2. 3.4.9 Summary of LF/CW System Errors 

Estimates of time error, time difference error, and position fix 
errors for several sources of LF/CW system errors are presented in 
Table F— II. The position fix errors are given for two typical points. 

TABLE F-ll 

LF/CW SYSTEM ERRORS 



Time 

Time Diff 

Location 1 

Location 2 


(ps) 

(ms) 

(ft) 

(ft) 

REPEATABILITY ERRORS 





Resolution and Receiver Noise 

0.02 

0.028 

42 

126 . 

Atmospheric Noise - 99% 

0.0001D 

0.0001 D 

21 

126 

Aircraft Maneuvers - 0.5g 

O.Olg 

0.014g 

11 

32 

Skywave Contamination - Day 

0.0008D 

0.001 ID 

168- 

1008 

Skywave Contamination - Night 

0.0033D 

0.0046D 

693 • 

4158 

Atmospheric Refraction 

0.01 

0.014 

21 

63 

Chain Synchronization 

0.01 

0.014 

21 

63 

PREDICTABILITY ERRORS 



.. 


Velocity of Propagation 

°‘ 4 2 , 

0.56 

840 , 

2520 „ 

Aircraft Altitude (D > 10) 

2.5H/D 

3.5H/D 

52. 5H 

78. 8H 

Terrain Anomalies 

0.3 

0.42 

630 

1890 

Conductivity Variations 

0.15 

0.21 

315 

945 

Oblate Spheroid 

0.0001 D 

0.000 ID 

21 

126 

RELATIVE ERROR GRADIENTS 

.« 




Velocity of Propagation 

0.04/mile 

0.056/mile 



Terrain Anomalies 

0. 03/mile 

0.04i/mile 



Conductivity Variations 

0.015/mile 

0. 021/mile 



Oblate Spheroid’ 

0.0001/mile 

0.0001/mile 



POSITION-ERRORS: 

REPEATABILITY 

- Day 

177 

1028 



Night 

695 

4163 


PREDICTABILITY 

1096 

3291 


TOTAL - Day 


1110 

3448 


Night 


1298 

5307 


D = Average Distance to Transmitter in Miles 
g = Aircraft Acceleration in g's 
H = Aircraft Altitude in Miles 


F-25 




PNS1-TR-69-030I-IIJ 


in the primary coverage area. The higher accuracy figure is for a 
point- in the center of the coverage pattern, and the lower accuracy 
figure is for a point in the fringe of the coverage area. 

F.2.3.5 LF SYSTEM/PULSE RECEIVER 

The CW receiver was limited in range by skywave contamination. 
The range of LF systems can be extended by a factor of five if pulse 
signals are transmitted. The skywave signal path is several miles longer 
than the ground wave path. At 1,000 miles the skywave path is approxi- 
mately 11 miles (60 ps) longer than the ground wave path. Thus, if 
measurements are made upon the pulse before the arrival of the skywave, 
the results contain no skywave contamination. Loran C uses a sampling 
point that is 30 ps from the beginning of the pulse. The sampling process 
yields a much lower average power input into the receiver. In order to 
offset this problem, the peak radiated power of the transmitters are very 
high. Some Loran C transmitters utilized MW transmitters. This may 

*c 

not be a practical radiated power for transmitters in populated areas. 
Antenna nonlinearities produce harmonics of the LF signal which could 
interfere with the operation of users of these harmonic frequencies. 
Nevertheless, a 4 MW transmitter is assumed in the following analysis. 

F .2,3.5. 1 Atmospheric Noise and Dynamic Errors 

The following pulse PF system is considered. 

System: LF-Pulsed time difference with phase measurements 
upon the carrier frequency 

Frequency: 100 kHz 

Power: 4 MW Radiated power 
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Range: 1000 miles over land 

Pulse Repetition Rate: 100 pulses/sec 

Atmospheric Noise: 13.7 pv/m in a IHs bandwidth 
(hourly average noise exceeded only 1% of the time 
in the New York City area during the noisiest four 
hour period of the year - 0000-0400 hours, summer 
night [Ref 8d 

Signal Field Strength: 926 pv/m at 1000 miles [Ref 86 ] 

Utilizing the atmospheric noise Equation (55) and the dynamic error 
Equation (62) from Section 2.4. 2. 2 , the receiver constant B is 

B = .574 rad/sec 

and the corresponding time error at the design point is 
St = 0. 20 ps 

The error is acceptable for the 4 MW transmitter. If- a 250 kW trans- 
mitter is used, the design error increases by a factor of 3, At this 
point, the error is marginal and rate aiding from an external source 
is necessary. 

F.2.3. 5.2 Skywave Contamination 

The use of the pulse signal virtually eliminates skywave 
contamination with one exception. When an operator enters a service area, 
if is possible to acquire and track the skywave signal because the field 
strength of the skywave exceeds the ground wave. Thus proper safeguards 
to prevent this possible event must be incorporated ?n the receiver design. 
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F.2.3.5.3 Other LF Error Sources 

The sources of error for LF pulsed systems are essentially the 
same as those for the LF/CW system. The magnitudes of the errors 
may vary somewhat from the CW errors, however, due to the longer 
range of the pulse system These errors are presented in Tables F-lll and F-IV. 

TABLE F-lll 

LF PULSE SYSTEM ERRORS 
(4 MW TRANSMITTER) 



Time 

Time Diff 

Location 7 

Location 2 


(ps) 

(ms) 

(ft) 

(ft) 

REPEATABILITY ERRORS 





Resolution and Receiver Norse 

0.02 

0.028 

42 

126 

Atmospheric Noise -99% - Loc. 1 

0.024 

0.034 

52 


Atmospheric Noise - 99% - Loc. 2 

0.20 

0.283 


1274 

Aircraft Maneuvers -0.5g 

0.05 

0.071 

107 

320 

Skywave Contamination - Day 

- 

- 

- 

_ 

Skywave Contamination - Night 

- 

- 

- 

_ 

Atmospheric Refraction 

0.01 

0.014 

21 

63 

Chain Synchronization 

0.0T 

0.014 

21 

63 

PREDICTABILITY ERRORS 





Velocity of Propagation 

0.40 

0.566 

849 

2547 

Aircraft Altitude (D > 10) 

2.5H/D 

3.5H 2 /D 



Terrain Anomalies 

0.30 

■ 0.424 

636 

1908 

Conductivity Variations 

0. 15 

0.212 

318 

954 

Oblate Spheroid 

O.OOOID 

O.OOOID 

105 

630 

RELATIVE ERROR GRADIENTS 





Velocity of Propagation 

{). 04/mile 

0.057/mr I e 



Terrain Anomalies 

0. 03/mile 

0. 042/mile 



Conductivity Variations 

0.015/mile 

0.021/mile 



Oblate Spheroid 

0.0001/mili 

e 0. 0001/mile 



POSITION ERRORS: REPEATABILITY - 

Day 

130 

1323 



Night 

130- 

1323 

PREDICTABILITY 


1112 

3382 

TOTAL - Day 


1120 

3632 


Night 


1120 

3632 


g = Aircraft Acceleration in g's 
D = Average Distance ta Source in Miles 
H = Aircraft Altitude in Miles 
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A slight deviation from the above statement may be made for 
terrain anomalies. In the same manner, as the pulse receiver discrimi- 
nates against skywave, it can discriminate against the effects of 
terrain anomalies whose paths are such that their time delay exceeds 
the sampling point time on the pulse. Such a region can be described 
by an ellipse with the transmitter and user as foci. All anomalies 
outside of this ellipse have no influence upon the TD measurement. 

TABLE F-IV 

LF PULSE SYSTEM ERRORS 
(250 KW TRANSMITTER) 



Time Time Diff 

Location 1 

Location 2 


(ps) 

(ps) 

(ft) 

(ft) 

REPEATABILITY ERRORS 





Resolution and Receiver Noise 

0.02 

0.028 

42 

126 

Atmospheric Noise - 99% - Loc. 1 

0.096 

0.136 

204 


Atmospheric Noise - 99% - Loc. 2 

0.80 

1.132 


5094 

Aircraft Maneuvers - 0.5g 

0.05 

0.071 

107 

320 

Skywave Contamination - Day 

- 

- 

- 

- 

Skywave Contamination - Night 

- 


“ 


Atmospheric Refraction 

0.01 

0.014 

21 

63 

Chain Synchronization 

0.01 

0.014 

21 

63 

PREDICTABILITY ERRORS 





Velocity of Propagation 

0.40 

0.566 

849 

2547 

Aircraft Altitude (D > 10) 

2.5H/D 

3.5H 2 /D 



Terrain Anomalies 

0.30 

0.424 

636 

1908 

Conductivity Variations 

0.15 

0.212 

318 

954 

Oblate Spheroid 

0.000 ID 

0.0001D 

105 

630 

RELATIVE ERROR GRADIENTS 





Velocity of Propagation 

0.04/mile 

0.057/mile 



Terrain Anomalies 

0.03/mile 

0.042/mile 



Conductivity Variations 

0.015/mile 

0. 021/mile 



Oblate Spheroid 

0.0001/mile 

0.UUU l/mile 



POSITION ERRORS: REPEATABILITY - Day 


236 

5106 


Night 


236 

5106 

PREDICTABILITY 


1112 

3382 

TOTAL - Day 


1137 

6124 


Night 


1137 

6124 


g = Aircraft Acceleration in g's 
D = Average Distance to Source in Miles 
H = Aircraft Altitude in Miles 
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F.2.4 Time Difference Receiver Equations 

F.2.4.1 Receiver Tracking Loop 

The signal S(t) received from one transmitter is of the form 

S(t) = Sp sin (ut + Kd) (14) 

where 

S(t) = received signal 
Sp = peak signal voltage 

(o = radian frequency of the transmitted signal 
K = u/c = phase constant 
c = velocity of propagation 
d = distance from transmitter to receiver 

From equation (1) it can be seen that the distance information is contained 
in the phase of the incoming signal. A common technique for extracting this 
phase is through the use of a phase locked loop. The transfer function of the 
phase locked loop can be synthesized from: 

1. input signal format and parameters 

2. noise environment of the receiver 

3. aircraft dynamics 

In normal flight an aircraft is flying at a constant velocity. The receiver should 
have no error due to motion at a constant velocity. From control system theory 
it is known that a Type 2 feedback control system exhibits this behavior. In 
addition, the Type 2 system should respond quickly but without oscillations to 
rapid changes in the input signal. This is achieved by a critically damped 
phase locked loop. Hence a critically damped Type 2 feedback control system 
for phase detection of the input signal is selected for analysis. 
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An analytical representation of a phased locked tracking loop in 
Laplace operator notation is shown in Figure F-7. 

Figure F-7 Phase Locked Tracking Loop 



where s = Laplace operator 

Pi = phase of the input signal 
Po = output of the phase locked loop 
B = a receiver constant to be determined 


The transfer function of the loop is 


H W =£*> ,- f+B 

Pi(s) S+2BS+B 


and the error response is 

Pe(s) = Pi (s) - Po(s) 


s^Pi(s) 
(s+ B) 2 


F.2.4.2 Receiver Noise Analysis 


05 ) 


06 ) 


An analytical model of the degradation in receiver performance due 
to noise can be constructed from the following relationships. The input signal 
is given by Equation (14). The quadrature components of the noise signal add to 
the signal at any instant as shown in Figure F-8. 
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Figure P-8 Sum of Signal and Noise Inputs 



where Sp = peak signal voltage 
Np = peak noise voltage 
0 = random phase of the noise 

9 = phase error due to noise 


The instantaneous phase error is 



Np s?n 0 
Sp + Np cos 0_ 


07) 


If Np/Sp « I, then (17) can be written 


6 


Np sin 0 

Sp 


Assuming that 0 is a uniformly distributed random variable in the interval 
0 < 0 < 2 ir, the mean phase error 6 is zero and the mean square phase 
error is: 


<7 




08 ) 


where N = rms noise voltage 
S = rms signal voltage 
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!n the following sections the noise to signal ratio is computed For a CW receiver 
and a pulse receiver with the transfer function of Equation 2. 


F. 2. 4. 2.1 CW Receiver 


The noise to signal ratio at the receiving antenna can be calculated 
from field strength graphs for signals such as found in Reference 1 and noise 
field strength predictions as found in Reference 2. The noise to signal ratio at 
the output of the receiver is related to the input noise to signal ratio by the 
following analyses. 

A linear receiver tracking loop is assumed in figure 1; thus the super- 
position principle is valid and the signal and noise response of the loop can be 
calculated separately. 

A constant phase signal Kd is applied to the input of the loop. This is 
an unrealistic input for a moving receiver; however, the receiver response to a 
dynamic phase input is covered in Section 2.4.1 . The steady state error of the 
receiver can be found from Equation (16) and the final value theorem which states: 

Pss = lim $Pe(s) ( 19 ) 

s— O 

where Pss = steady state error 

Pe(s)= Laplace transform of the error output 


For a constant input Kd 


Pi(s) = 


Kd 


and 


Pss = p 

hence the steady state output Po is Kd as desired. 


( 20 ) 


of N 2 


The noise input N is assumed to be white noise with a spectral density 

2 

volts /Hs, thus the spectral density of the phase error at the input is 
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from (5) 


N 2 

S-.(u) = x i radians /Hz 


( 21 ) 


or alternately 


S* (u) = — = radians^/radian/ sec 

01 4ir S 2 


( 22 ) 


The mean square phase error at the output of the tracking loop can be 
found by applying an equation from the theory of stocastic processes. 


kf 


co 


do 2 it / ~9 i 
- 00 


S ( u )|H(i«)j du 


(23) 


hence from (2) and (6) 


9o 



2 2 4 

4B a + B 

2 2 2 

(u + B) 


dco 


(24) 


- 00 


This integral can be evaluated by contour integration. As a result, the mean square 
phase error is: 


5 N 2 B 


do 16tt 

The rms time error at the output of the tracking loop is 


(25) 


__ ^ 2 

rr v ^ 


1 _ .0502>/F / N \ 

ff t 2if a d f \ $2 / 


(26) 
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or equivalently 


,0502 Vi" _n_ 


(27) 


where 


— rms time error (ps) 

B — receiver constant (rad/sec) 

f = carrier frequency (MHz) 1 

~2 

n - rms noise density field strength (pV/m/Hz ) 
S = rms signal field strength (fiV/m) 


F.2.4.2.2 Pulse Receiver Noise Analysis 

The following analysis considers a receiver in which one zero crossing 
of the carrier frequency is sampled during each pulse. Many phase measuring 
Loran C receivers are of this type. A wide band filter precedes the phase 
locked loop. This filter has a bandwidth that is sufficiently wide to allow the 
pulse to pass undistorted but narrow enough to filter all noise outside of the 
pulse bandwidth. The input signal is of the form 

S(t) = Spsin (ot + Kd+ 9 ) (28) 

where 9 is the phase error due to noise. 


The input to the phase locked loop is a series of samples of the phase 
Kd f at the pulse repetition frequency fp. The mathematical representation 
of this phenomenon Is a series of impulse functions, 
co 


Pi(t) = I (aKdn + ,0 n )S(t -ny) 
n = o 


(29) 


where a 
K 


- proportionality constant 

- propagation constant 
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dn = distance from transmitter at time tn 

y = time between pulses = l/fp 

S(t-ny) = impulse function at time t=n 


The output of the phase locked loop is 
Po(t) = J' H(u)pi(t - u) du 
where h(u) = impulse response of the loop. 


(30) 


Hence the output is 


co 

Po(t) = a I (Kdn + 9n) h(t - n y ) 
n = o 


(31) 


Let the receiver remain stationary in position and assume that it has 
been running for a long period of time so that a steady state output is reached. 
Using the superposition principle assume that only the signal Kd is present, 
co 

Ps = aKdXh(ny) (32) 

n = o 

The function h(t) is the inverse Laplace transform of the loop transfer function H(s). 
Hence 

h(t) = L _1 [H(S)J = B(2-Bt)e“ Bt (33) 


and 


Ps 


co 

a BKd I (2 -nBy)e" nBy 


n = o 


(34) 


The series is of the form 

oo oo 

Ps = r X X - q X n X ' 
n=o n=o 


I X [ < 1 (35) 
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where X = 



(36)- 


The first sum is a power 'series which is uniformly convergent for 

|x|< i. 


f(X) = IX n = 


(37) 


differentiating this series and multiplying by X, the result is 


X 


df 

dX 


I nX n = — - — 

n = o (1 - X) 


(38) 


Hence (9) becomes 


Ps = 


a KdB 




( 1 - e 



(39) 


for By « 1 


(40) 

1 - e ' Br »' By 


(41) 

thus 

2B 

Ps« aKd [ ^ - 

-2^1 

(Byf 

(42) 

Ps* ° Kd 

r 


(43) 

Setting the proportionality constant a = y 
Ps ~ Kd 

(44) 


as desired. 


Now let the signal Kd - 0 and find the noise response of the loop. 
From (8) 

Pn = By I 9 \ (2 - nBy )e " nBy ( 45 ) 

■ n = o 
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Assume that the fii'are independent with zero mean. 
E(Pn) = 0 

The mean square error is 


oo 


E(Pn 2 ) = a 2 = (By ) 2 I E(0i 2 )(4 - 4nBy + n 2 B 2 y 2 )e ” 2nBy ^ 
P 


n- o 


+ (E(0i0j) terms for i ¥ {) 

Since the 0\ are independent 
E(0i0j) = 0 

Hence 

2 /D \ 2 2 r IA A D 2 D 2 2 \ -2nBy 

a = (By ) a 1 (4 - 4nBy + n B y )e 
P 9 n=o 


(47) 


_2By 

The first two sums in (1 1) are of the form of (10a) and (10b) with x = e ' 
The third can be obtained from di fferentiating (10b) and multiplying by X. 


y d r f(X>, _ ? 2 n X+ 

x djr'dx' ■ l n x - — — 73 
n-o n - xr 


(48) 


thus 


2 _ ,,2 2 r 4 

a - (By) a [- 

P 9 (1 - e. ) 


±. y 2 % + ] (49) 

( ,. e -2Bv) 2 ( ,. e -2Br ) 3 I 


For B « 1 


2 - m \ 2 2 r 4 

“p - ”6 [_ 


46 r + 2B 2 y 2 . 

O J 


2By (2By) 2 (2By ) 3 


(50) 


2 5 /t) , 2 

ff p = T (Br )(T 0 


(51) 


From (5) for small noise to signal ratios 
2 - 5 /d .N 2 

% “- r (By) ^ 


(52) 
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2 

The noise power N is proportional to the wide bandwidth filter Bw. 


Hence 


N 


2 

n Bw 


whe 


re 


S S 

n = rms noise field strength (pV/m/Hz^) 
S = rms signal field strength (pV/m) 

Bw = bandwidth of wide band filter (Hs) 


Thus the rms phase error is 

_ 5 J b Bw n 
a p 8 M fc S 


and the resulting time error is 

V 


.126 


B Bw / n , 
fc { S ' 


(53) 


(54) 


(55) 


where 


B = receiver constant (rad/sec) 
f = carrier frequency (Hz) 
fc = pulse repetition frequency (Hb) 


F.2.4.3 Dynamic Errors- 

ln the preceding analyses the input phase signal was assumed to be 
constant. In this section the steady state errors at the output of the phase 
locked loop will be determined for a dynamic input. The results are the same 
for both the CW and pulsed receiver. Thus only the CW receiver analysis is 
presented. 


F.2.4.3. 1 Receiver Dynamic Errors 

For a receiver that is moving at a constant velocity away from the 
transmitter the phase signal is 

p i(t) = Kvt . (56 ) 
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and the Laplace transform of the input is 

PH«) = ^5 (57) 

s 

where K = propagation constant 

v = aircraft velocity 

By the final value theorem and equation (3) the steady state error 

is 2 

s 

Pss = lim s E(s ) = lim s (— 2 = 0 (58) 

s _> '0 s * 0 s ‘ (s + B) 

where Pss = steady state phase error. 

Thus there is no steady state error in the loop for an aircraft flying at a 
constant velocity toward or away from a transmitter. 


If the aircraft is accelerating directly away from the transmitter 
the input phase is 

Pi (0 = (59) 

and 


Pi (s) = Ka 

3 

s 

where a = aircraft acceleration. 


(60) 


Again using (3) and the final value theorem 


D _ / Ka , s Ka 

Pss - 1 im s ( — O n ~ ~o 

s —0 s (s + B) B 


The steady state error in time is 
Pss a 


St = 


2 * f =B 2 


where St - steady state time error (ps) 


(61) 


( 62 ) 
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2 

a = acceleration of the aircraft (m/sec ) 
c = velocity of light = 300 m/p s 
B = receiver constant (rad/sec) 

In this analysis it has been assumed that the aircraft is either flying 
toward or away from a single transmitter. In. reality an aircraft cannot fly 
toward or from all transmitters. The motion of the aircraft flying at a constant 
velocity in some direction other than a radial to the transmitter produces an 
angular acceleration of the aircraft with respect to the transmitter. This can be 
shown in the following analysis. 

Figure F-9 Aircraft Flight Path 


A do B 



Referring to Fig. F->9 , let the aircraft be at. point A at time = 0 and 
flying toward B at a velocity v. Hence the distance d can be expressed as 
a function of time as 

d = dm 2 + (do - vt) 2 (63) 

It is desired to find the maximum acceleration of d toward the transmitter 
at C. 

dd = -v(do - vt) 

dd+d 2 =v 2 ( 64 ) 

dd + 3dd = 0 
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The maximum acceleration occurs when d =0. From the equation for d 

it is obvious that either d or d have to be zero for this to occur. However, 

if d = 0 this Is certainly not a maximum acceleration. Thus, for d = 0 the 

side of the triangle AB = do - nt = 0 and d = dm. Hence 

2 

d max = ik ( 65 ) 

Thus a high speed aircraft that flies close to a hyperbolic transmitter can 

experience large time errors due to the angular acceleration of the aircraft 

with respect to the transmitter. This error is 

2 

St = ^ , (66) 

dmcB 

where 

St = time error (p s) 

dm = distance of closest approach to the transmitter (km) 
v = velocity of aircraft (km/sec) 
c = speed of light (0.3 km/ps) 

B = receiver constant (rad/sec) 

F.3 DIFFERENTIAL TIME DIFFERENCE SYSTEM 

The analyses of Section F.2 indicate that the 
predictability errors exceed the repeatability errors by a substantial 
amount. A calibration of the TD system at known locations in the 
coverage area could significantly reduce the predictability error 
content of the total error in position. An analysis of the error improve- 
ment as a result of applying a calibration procedure is presented in 
Section F.3.3. 

An operational application of such a system could provide 
improved time difference accuracy in the vicinity of a terminal. A 
signal flow diagram of a candidate system is shown in Figure F— 1 0. 
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Figure F— 10. Differential Time Difference System 


The basic TD system is utilized in the nominal operating mode by the 
user aircraft. The TD signals are also received by a stationary terminal 
area receiver. The received time differences are then compared to a 
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standard pair of time differences as derived from Hie receiver 
location and the propagation model. The difference of the observed 
measurements from the standard measurements are then a differential 
time difference (DTD). The DTDs are then sent to the aircraft via 
a communication link, whereupon they are. decoded and added to the 
observed readings on the aircraft. 

F.3.1 Merits of DTD Systems 

The basic function of the DTD system is to eliminate or 
substantially reduce the error in a time difference system. The DTD 
system performs this function without interfering with the operation 
of the basic TD system. Thus all the operational advantages of a 
TD system are retained, and increased accuracy is achieved for 
highly correlated errors as demonstrated in Section F.3.3. 

F.3.2 Drawbacks of DTD Systems 

The use of a DTD system does not come without penalty, 
however. These penalties are: 

■ (1) uncoirelated errors are increased 

(2) more equipment is necessary 

(3) location of terminal area receiver can increase error 

(4) increased accuracy in local area only 

The analysis in Appendix F, Section F.3.3. 1, demonstrates that there 
is no reduction in the DTD system error from the TD unless the correlation 
exceeds 0.5 and, in fact, if all errors are uncorrelated, the error 
increases by 41%. Thus the correlation of errors'is very important. 

The correlation coefficient in .Section F.3.3. is the spatial autocorrela- 
tion function of the TD errors. It is analogous to the time autocor- 
relation function found in the theory of stochastic processes. Its 
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mathematical definition is in normalized form 

Pto - * T wm>+4)i - m 

where T = time measurement 
do = calibration point 

d = distance from do 
and E represents averaging. 

The DTD system requires additional equipment to operate. All 
of the nominal TD equipment is used plus the following equipment for 
each installation: 

(1) ground based TD receiver 

(2) ground support equipment 

(3) TD comparison and digitizer 

(4) data link 

In addition, the user aircraft that has an onboard computer must have 
receiving equipment to receive the DTD signals and incorporate the 
signals into his PF solution. No difference in operating procedure or 
equipment is required for a user who is obtaining his navigation data 
from a ground based computer and. data link. The ground computer inserts 
the DTD signal into this user's PF solution. 

If the terminal area'receiver is located near a phase anomaly, 
a negative value of the spatial correlation function may occur. This 
would increase rather than reduce errors. - Thus careful calibration of 
the ground based site is required. 

The DTD concept will usually produce error reduction in a local 
area only. Experience with Differential Omega has indicated propagation 
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errors are correlated at ranges of 130 nmi [ Ref 82 ]. Volz 

f Ref 92 ] has produced some results that show that phase anomalies 
of Decca in a mountainous region are correlated out to a distance 
of approximately 12.5 km. Errors in the shape of the geoid may be 
correlated out to a range of several hundred miles. 

The following results are based upon the results of Tables F-l thru F-IV 
and equation (14) from Section F. 3.3.The predictability errors are assumed 
to have the following normalized spatial autocorrelation function: 

p (d) = 1 - d/do ford < do (68) 

= 0 for d > do 

where 

100 miles for VLF propagation errors 
do = 10 miles for LF propagation errors 
1000 miles for geodetic errors 

The DTD system errors are presented in Tables F-V thru F —VI 1 1 and shown in 
Figure F— 7 1 and F— 12. The errors are no doubt somewhat greater in most cases 
than would be expected. However, it should be remembered that "worst 
case" values for all of the error sources were chosen. In addition, error 
sources such as transmitter location and oblate earth were included in 
the error analysis to represent operational problems that could exist at 
the beginning of a program. Several such error sources could be reduced 
through operational use leading to a calibration of'the system. 

Some of the correlation distances used in Tables-F-V thru F-VIII are 
crude estimates. The prime use should be to indicate that the DTD 
concept is capable of error reduction. Some amount of data is being 
gathered on Differential Omega which is a DTD system. The results are 
promising and definitely more optimistic than the errors shown in Table F-V. 
However, much needed studies and experiments are required before the 
DTD concept can be validated. 
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Correlation 
Distance (mi) 


Time Diff 

(ps) 


REPEATABILITY ERRORS 

Resolution and Receiver Noise 
Atmospheric Noise - Location I 
Atmospheric Noise - Location 2 
Acceleration Error - 1/1 6g 
PREDICTABILITY ERRORS 
Diurnal Phase Shift 

Uneorrected 
Night Corrected 
Day Corrected 
Transition Corrected 
Oblate Earth - Location 1 
Oblate Earth - Location 2 
Station Location 
Phase Anomalies (SID) 



0 707/mile 

0.255/mile 

0. 127/mile 

0.170/mile 

0.0001/mile 

0.084 

0 707/m ile 


POSITION ERRORS: CONSTANT 

GRADIENT - No SID (Night) 


*Location 1 - D = 3000 nmi 
**LocatIon 2 - D = 6000 nmi 


Location 1* 
(nmi) 


0. 1 14/mile 
0.041/mile 
0.02 1/mile 
0.028/mile 


0. 1 14/mile 


0.041/mile 

0.120/mile 


Location 2** ^ 
(nmi) 1 


0 1 14/mile 
0.041/mile 
0.021/mile 
0.028/mile 


0. 1 14/mile 


0.041/mile 
0. 120/mtle 


TABLE F-VI 

DTD/LF/CW SYSTEM ERROR 




REPEATABILITY ERRORS 

Resolution and Receiver Noise 
Atmospheric Noise - 99% 
Aircraft Maneuvers - 1/I6g 
Skywave Contamination - Day 
Skywave Contamination - Night 
Atmospheric Refraction 
Chain Synchronization 
PREDICTABILITY ERRORS 

Velocity of Propagation 
Aircraft Altitude 
Terrain Anomalies 
Conductivity Variations 
Oblate Spheroid 


Correlation 
Distance (mi) 

Time Diff 
(ps) 

Location 1* 
(ft) 

Location 2** 
(ft) 

0 

0.028 

42 

126 

0 

0.0001D 

21 

126 

0 

0.001 

1 5/mile 

4.5 

10 

0 0011 D 

16.8/mile 

' 100.8/mile 

10 

0.0046D 

69 0/mile 

415.8/mile 

10 

0.014 

2. 1/mile 

6.3/mile 

10 

0.014 

2 l/mi!e 

6.3/mile 

10 

0.566 

85.9/mile 

254.7/mile 

0 

3.5H 2 /D 

0 

0 

10 

0.42 

63. 0/mile 

189.0/mile 

10 

0.2! 

31 .5/mile 

94,5/mile 

1000 

0.00010 

- 

- 


POSITION ERRORS: CONSTANT 


GRADIENT - Day„ 
Night 


D = Average Distance to Source in Miles 
H = Aircraft Altitude in Miles 
* = Center of Coverage Area 
**= Fringe of Coverage Area 



112.389/mile 

130.805/mile 


346.08/mile 

531.51/mile 
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TABLE F-Vll 

DTD/LF PULSED SYSTEM ERROR 
(4 MW TRANSMITTER) 



Correlation 
Distance (mi) 

Time Diff 
(ps) 

Location 1* 

(ft) 

Location 2** 
(ft) 

REPEATABILITY ERRORS 


1 



Resolution and Receiver Noise 

0 

■Hi 

42 

126 

Atmospheric Noise *-99% - Loc. 1 

0 

Hi 

51 


Atmospheric Noise - 99% - Loc. 2 

0 



1274 

Aircraft Maneuvers - 1/16g 

0 

0.009 

13.5 

40.5 

Skywave Contamination - Day 

10 

0 

0 

0 

Skywave Contamination - Night 

10 

0 

0 

0 

Atmospheric Refraction 

10 

0.014 

2. 1/mile 

6.3/mile 

Chain Synchronization 

10 

0.014 

2.1/mile 

6. 3/mi! e 

PREDICTABILITY ERRORS 





Velocity of Propagation 

10 

0.544 

84.9/mile 

254.7/mile 

Aircraft Altitude 

0 

3.5H 2 /D 

0 

0 

Terrain Anomalies 

10 

0.424 

63.6/mife 

190.8/mile 

Conductivity Variations 

10 

0.212 

31 .8/mile 

95.4/mile 

Oblate Spheroid 

1000 

0.0001D 

- 

- 

POSITION ERRORS: CONSTANT 


67.4 

1300.8 

GRADIENT 


110. 8/mile 

332.7/mile 


D = Average Distance to Source in Miles 
H = Aircraft Altitude in Miles 
* = Center of Coverage Area 
** = Fringe of Coverage Area 

TABLE VIII 

DTD/LF. PULSED SYSTEM ERROR 
(250 KW TRANSMITTER) 



Correlation 
Distance (mi) 

Time Diff 
((is) 

Location 1* 
(ft) 

Location 2** 

(ft) 

REPEATABILITY ERRORS 


mam 



Resolution and Receiver Noise 

0 

Kr p: 

42 

126 

Atmospheric Noise - 99% - Loc 1 

0 


204 


Atmospheric Noise - 99% - Loc. 2 

0 



5094 

Aircraft Maneuvers - 1/I6g 

0 

0.009 

13.5 

40.5 

Skywave Contamination - Day 

10 

0 

0 

0 

Skywave Contamination - Night 

10 

0 

0 

0 

Atmospheric Refraction 

10 

0.014 

2. 1/mile 

6.3/mile 

Chain Synchronization 

10 

0.014 

2. 1/mile 

6. 3/mile 

PREDICTABILITY ERRORS 





Velocity of Propagation 

10 

0.566 

84 9/mile 

•254 7/mile 

Aircraft A1 titude 

0 

3.5H 2 /D 

0 

0 

Terrain Anomalies 

10 

0.424 

63.6/mile 

190.8/mile 

Conductivity Variations 

10 

0.212 

31,8/mile 

95.4/mile 

Oblate Spheroid 

1000 

0.0001D 


- 

POSITION ERRORS: CONSTANT 


208.7 

5095.7 

GRADIENT 


1 10.8/mile 

332.7/mile 


D = Average Distance to Source in Miles 
H = Aircraft Altitude in Miles 
* “ Center of Coverage Area 
**= Fringe of Coverage Area 

F-48 





















PNSI-TR-69-0301-III 



(1) 

LOCATION 1 

NO SID 

(2) 

LOCATION 1 

SID 

(3) 

LOCATION 2 

NO SID 

(4) 

LOCATION 2 

SID 


Figure F-l 1 . DTD/VLF System Errors 



DISTANCE FROM CALIBRATION RECEIVER (mi) 


LF SYSTEMS 

(1) LOCATION 1 CW DAY 

(2) LOCATION 1 CW NIGHT 

(3) LOCATION 2 CW DAY 

(4) LOCATION 2 CW NIGHT 

(5) LOCATION 1 PULSE 4 MW 

(6) LOCATION 2 PULSE 4 MW 

(7) LOCATION 1 PULSE 250 KW 

(8) LOCATION 2 PULSE 250 KW 


Figure F-l 2. DTD/LF System Errors 
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F.3.3 Differential Time Difference Error Analysis 

F .3.3. 1 DTD Error 

Let the error in a PF system be 
dP = GdT 

dP = position error vector 
G= transformation matrix 
dT — TD- errors 


such that at points P^ and P 2 


dPj = G 1 dT 

(69) 

dP 2 - G 2 dT 2 

(70) 

The differential error is 


AP = dP 1 -dP 2 = G ] dT 1 - G 2 dT 2 

(71) 


and the mean square value of the differential error is 

E(APAP T )* = G 1 E(dT ] dT 1 T )G ] T (72) 


+ G 2 E(dT 2 dT 2 T )G 2 T 

- G ] E(dT 1 dT 2 T )G 2 T 

- G 2 E(dT 2 d.T 2 T )G ] T 

Assume that for P] and P 2 close together 
G | = G 2 = G 

ECdT^TjT) = E(dT 2 dT 2 T) = R y (0) (73) 

* Superscript T indicates a transposed matrix. 


F-50 



PNSI-TR-49-0301-IM 


where Ry(d) = spatial autocorrelation function of the 
errors at c!q and dQ +d 

assume R^(d) has two components: 

Rp(d) which is the predictability component; 

R^(d) which is the repeatability component; 

and further assume 

R (d) = 0 d j£ 0 < 74 ) 

r 

R (d) = p (d) R (0 ) p (d) = a scalar (75) 

P P 

hence the repeatability errors are not correlated as a function of 
distance. 

From the above assumptions, the mean square error of AP is: 

E(APAP T ) « 2GR(0)G T +2GR (o)G T 
r P 

- 2p(d)GR (0')G T (76) 

p 

If the base vectors for the position error vector are chosen to be 
orthogonal, the mean square value of the radial error is the trace of 
the mean square error matrix. 

Let Arms = rms radial error of AP 

dims = rms radial error of repeatable error 
Drms — rms radial error of predictable error 

then from (15) 

2 2 2 2 

Arms « 2 drms + 2 Drms - 2 p (d) Drms (77) 

Now let the predictable error be 
Drms = Qdrms 
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The total error before applying differential time difference was 

DDrms 2 = drms 2 + Drms 2 = (1 + Q 2 ) drms 2 (79) 

and (16) can be written 

Arms 2 = ( 2 + 2 [ 1 - p (d) ] Q 2 ) drms 2 (80) 

hence the ratio of the differential time difference error to the 
original time difference error is 

Arms _ +1 2 ( 1 + [ i - p (d)l Q ) 

DDrms i I + q2 

This ratio is plotted in Figure F-13. 



0.0 0.2 0.4 0.6 0.8 1.0 


p(d) 

Figure F-13. DTD Improvement 
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F.4 NAVIGATION SATELLITE SYSTEMS 

The feasibility of navigation for ships and position fixing 
for survey purposes from satellites has been demonstrated by the 
Navy Navigation Satellite System and Geodetic Secor respectively. 

The development of a navigation satellite system for aviation has 
been proposed by several companies. The projected operational 
features of a time-difference satellite navigation system such as 
the TRW NAVSTAR concept. [Ref 52] are evaluated with respect to the navi- 
gation requirements of the 1975-85 time period. 

F.4.1 Summary 

Time difference navigation satellite systems have the 
potential to provide navigation information to aircraft users. The 
principle merits of navigation satellites are: 

(1) Continuous world-wide coverage potential 

(2) Coverage at all aircraft altitudes 

(3) Minimal propagation errors 

(4) High accuracy potential 

(5) Ability to meet the operational requirements 
of the advanced navigation/ATC system of 
the 1975-85 time period 

However some important deficiencies are apparent in the TD 
navigation satellite system. Some of the major deficiencies are: 
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F.4.2 


•0) 

Onboard computer required for "self contained" 
position determination and guidance computations 

(2) 

Data link required for users with no onboard 
computer 

(3) 

Ground computers are needed to solve navigation 
and guidance equations for data link users 

(4) 

Ground based tracking stations are required to 
derive satellite positions 

(5) 

Expensive airborne receiving equipment required 
to receive TD signals 

Advanced System Requirements 

A time difference navigation satellite system similar in 
concept to the NAVSTAR system as proposed by TRW can satisfy 


most of the operational and accuracy requirements of an advanced 
navigation system for use in the 1975-B5 time period, subject to 
one of the following constraints: 

(1) ' An onboard computer is used to solve the 

position fix equations and derive guidance 
information from present position and desired 
track. 

(2) A data link is available to transmit satellite 

TD information to a ground computer for proces- 
sing into aircraft guidance information from 
present position and desired track. 

The TD navigation satellite and the onboard or ground based computer 


F -54 



PNS1-TR-69-030I-III 


can satisfy the following requirements: 

0) non-saturable 

(2) minimize navigation frequency channels 

(3) . !ine-of-sight independent 

(4) area coverage 

(5) real time operation 

(6) all weather capability 

(7) time independent 

(8) flexible to ATC route structure/vectoring 

(9) map reference 

00) common output format 

(11) growth oriented 

(12) adaptive flight path capability 

(13) generate ATC surveillance data 

(14) compatible with onboard information needs 

In addition, the TD navigation satellite system can satisfy the 
accuracy requirements for the following flight phase: 

(1) climb-out 

(2) enroute-low altitude 

(3) enroute-high altitude 

(4) arrival 

(5) descent 

(6) approach 

The lateral accuracy of a differential time difference satellite 
navigation system could marginally meet the horizontal accuracy 
requirements of a Category I and II landing system. 

The most outstanding deficiencies of TD navigation satellite 
systems are the requirements for onboard or ground-based computers. 
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ground-based tracking systems, data links and expensive aircraft 
receiving equipment. 

F.4-.3 NAV SAT User Saturation 

If the navigation-ATC system evaluated in this study were to be 
implemented using NAV SAT as the external navigation aid, allowance 
would have to be made through reduction of frequency of update to pre- 
vent saturation of the data link. In particular, a requirement for control 
of all VFR as well as IFR traffic would result in all GA1 and GA2 aircraft, 
the users who typically have minimal equipment, demanding navigation 
and communications assistance. This in turn will affect the ability of the 
system to supply real time surveillance information with which to maintain 
the aircraft within its assigned space. A parametric relationship has been 
developed which relates cross track error, frequency of update and poten- • 
tial number of users. Two assumptions were made about the avionics fit of 
GA aircraft: (i) the GA1 and GA2 do not have accurate dead reckoning 
subsystems; and (2) the GA1 and GA2 do not have dead reckoning sub- 
systems at all. 

Figure F-14 shows the results. For any amount of track keeping 
error up to 20°, the frequency of fixing, track separation and number of 
users is given in Table F— 15. The results indicate the following: 

I nmi cross track error 
48 sec update 
4,600 users 

If 10° is the maximum heading error, then: 

I nmi cross track error 
96 sec update 
.9,000 users 
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Track 

Sepa- 

ration 

Min 

Fix Freq. 
Sec 

Max 

Users 

10 nmi 

480 

44,000 

1 nmi 

48 

4,600 

0.27 nmi 

13 . 

1,200 

^Includes alt low cl 

ass users 


Figure F-14. NAV SAT System Saturation 

F.4.4 Navigation Satellite Systems 

Many navigation satellite systems have been proposed by 
several companies. Several types of position fix measurements 
utilizing satellites are possible, and an infinite number of orbital 
configurations for the satellites can be postulated. However, the 
requirements for the navigation system for the 1975-85 time period 
are more compatible with some systems than With others. 
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F.4.4. 1 Measurement Types 


Several types of measurements for position fixing purposes 
can be made from satellites. Each measurement defines a surface- 
of-position (SOP). The intersection of three surfaces of position 
defines the user's position. One SOP that is commonly used is the 
user's altitude above mean sea level. This SOP is approximately a 
sphere about earth's geocenter and the earth radius plus the aircraft's 
altitude as the radius. Two other SOPs derived from satellite or 
ground based data can fix the user's position. Some of the more 
common measurements and their associated SOPs are: 


Measurement 


SOP 


range 
range sum 
range difference 
interferometer angle 
plane angle 
doppler 


sphere * 

sphere or ellipsoid of revolution 
hyperboloid of revolution 
cone 
plane 

cone or hyperboloid of revolution 


F.4.4. 2 Candidate Advanced Navigation' System 

The time difference navigation satellite systems possess 
several of the desirable features for an advanced navigation system. 
The users can remain passive (i.e. receive signals only), thus reducing 
the number of frequency channels required for navigation. This is an 
advantage over the range sum system. Some of the disadvantages of 
other measurement types are presented. Range systems either require 
accurate onboard time standards (one part in 10 ) or three measure- 

ments are required to solve for the clock error. This then becomes 
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very similar to the range difference system. The angular systems 
require extremely accurate attitude control of the spacecraft 
(1 p.;rad for 100 ft accuracy at synchronous satellite altitude). 

The doppler systems require very precise knowledge of the user's 
velocity vector for accurate position fixing. Accurate position 
data for the satellite is necessary in addition to all of these above 
requirements. 

The synchronous satellites are a popular choice for proposed 
navigation systems because the system can be built in modular form 
starting with only four satellites and because low fracking rates are 
required. Four satellites could provide the entire continental U. S. 
with continuous coverage. 

If such a system is to achieve world-wide coverage potential, 
the satellite orbital planes must be inclined with respect to the equa- 
tor to remove geometric singularities in the equatorial regions of the 
earth. The satellite subpoints trace the familiar figure eight on the 
earth's surface. 

F.4.4.3 Tracking Requirements 

The user must know the position of the satellites in order to 
produce his position fix. Thus fracking stations and data links are 
required to furnish the user with satellite position data or an ephemeris 
• of the satellites must be stored aboard the aircraft. 
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F.4.4.4 NAVSTAR Satellite Navigation Concept 

A satellite navigation concept called NAVSTAR which was 
designed by TRW meets all of the previous requirements. It is used 
as a design point advanced satellite navigation system. An exten- 
sive system description of NAVSTAR is presented in reference 52. 

F.4.4.5 Information Requirements 

An information flow diagram is shown in Figures F— 15 and F-16. 

Figure F—15 depicts the system for the user with an onboard computer. 

Figure F-16 pertains to the user with a data link to a ground based 

computer. L-band signal frequencies are used throughout the system 
for satellite navigation and communication functions. VHF signals 
are used for the air to ground data links. 

The position fix equations require a computer to convert the 
time difference measurements into useful guidance information for 
the pilot. The computer can be programmed to calculate guidance 
information such as along track and cross track deviation from the 
flight path, distance and course to .the next waypoint and ETA pre- 
dictions for the waypoints. 

F.4.5 Error Sources 

The satellite navigation systems have better propagation 
conditions than do the ground based TD systems. However, the trans- 
mitters are non -stationary, which introduces satellite position errors 


as an error source. 
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Figure F-15. Signal Flow for User With Onboard Computer 


SATELLITE AIRCRAFT 



Figure F-16. Signal Flow for User with VHF Data Link 
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F . 4 . 5 . 1 Propagati on Errors 

Navigation satellite systems overcome some propagation 
anomalies that occur in all ground based navigation and position 
fixing systems. The satellite signals travel in a line of sight (LOS) 
path between the satellite and the user so that ground anomalies 
do not interfere with the propagation. However, some propagation 
anomalies do occur, such as: 

(1) Ionospheric refraction 

(2) Atmospheric refraction 

(3) Multipath reflection 

In order to reduce atmospheric drag and prolong the satellite 
orbital lifetime for any satellite navigation concept, the satellites 
are inserted in an orbit that is higher than the earth's atmosphere. 
Thus the satellite signals have to pierce the earth's ionosphere and 
troposphere layers. The effect of these layers is to retard the signal, 
thus producing a slower velocity of propagation of the signal. The 
ionospheric retardation is inversely proportional to the square of the 
transmitted signal frequency. Thus higher frequencies are desirable 
to reduce this phenomena. The TRW-NAVSTAR system error analysis 
[Ref 52 ] uses a figure of 56 feet as the uncorrected ionospheric error 
retardation for an L-band signal at 10° elevation to the earth. The 
uncorrected tropospheric retardation error is given as 46 feet for a 
10° elevation angle. 

The multipath error is due to signals being reflected from the 
earth or other objects and then being received by the antenna. This 
effect is shown in Figure F-17. 
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Figure F-17. Multipath Geometry 


Multipath reception can be reduced or eliminated by using directive 
antennas. This is possible for ground tracking stations. However, 
directive antennas are not practical for the user aircraft due to the 

r 

necessity of receiving signals from several satellites for all aircraft 
headings. An error in range of 45 feet was attributed to the multi - 
path effect by TRW. 

F.4,5.2 Satellite Position Errors" 

The use of satellites can significantly reduce the propagation 
errors, but a new source of error is introduced. The transmitting 
stations are no longer stationary with respect to the earth. Even the 
geostationary satellites in the 24-hour equatorial orbits are not truly 
stationary. Tracking stations are required to locate the satellites' 
positions. This information must be relayed to the user aircraft if 
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precision position fix-ing is desired. The TRW study indicates that 
satellite location errors contribute a 10 to TOO ft increase in the 
position fixing ability of the NAVSTAR satellite system. 

F.4.5.3 Other Error Sources 

The receiver and satellite oscillator are two pieces of 
equipment that can contribute errors to the system. From f 52] T 
some of these error sources produce range errors as follows: 


(1) 

Receiver noise 

04 ft) 

(2) 

Resolution 

(TO ft) 

(3) 

Receiver drift 

• (17 ft) 


The total rms error contribution for the receiver is less than 25 ft. 

The satellite oscillators tend to drift slowly with time. This 
drift and the drift rate can be calculated from ground station tracking 
data. A range error of 9.2 feet for oscillator drift error was presented 
by TRW. 

A final error source that is considered is the altitude error of 
the aircraft. If the surface-of-position of the satellite TD measurements 
were perpendicular to the earth's surface, the altitude error would 
not contribute to the position error. However, since these SOPs are 
hyperboloids and not perpendicular planes, there is a small error 
introduced into the position fix. The effect is greatest at high lati- 
tudes in the NAVSTAR system. 
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F.4.5.4 Geometric Effects and Total Error 

The range uncertainties are magnified due to the geometric 
effect called GDOP (geometric dilution of precision). A range 
uncertainty in the NAVSTAR system of 50 ft produces the following 
results: 

Lati tude Position Error (95%) 

0-50° < 250 ft 

50-70° < 600 ft 

At higher latitudes than 70° there are a few locations where no 
PF information is available due to an insufficient number of visible 
satellites. 

F.5 DIFFERENTIA!. TIME DIFFERENCE NAV SAT 

A study of several relative error calibration schemes was 
undertaken by TRW in the NAVSTAR system design. One of the very 
interesting aspects is the mode 2 calibration technique. This concept 
is very similar to that discussed in the differential time difference 
discussion in section F.3 . A computer simulation of this technique 
indicated that the effect of satellite position errors could be elimi- 
nated as a source of error over a large area. At the calibration site 
there were no relative errors due to satellite errors. The relative 
error 1200 nmi north of the calibration point was only 2 feet greater 
than the error at that point prior to including satellite position errors. 

A similar concept was studied by Casserly, Filkins and Hall [Ref 73 ] 

% 

indicated that more than 85% of the satellite position error could be 
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removed by a compensation scheme at a distance of over 1800 nmi 
(30° in latitude). These results are quite compatible with the TRW 
results. 


F.6 RADIO-INERTIAL HYBRID SYSTEMS 

Radio-inertial hybrid navigation systems incorporate the best features of 
each subsystem to produce a "best" estimate of present position and to aid the radio 
system in tracking the time signals with narrow bandwidth phase locked loops. Inertial 
systems are subject to gyro drift errors and misalignment errors of the inertial platform. 

The misalignment errors produce undamped oscillations of the platform at the Schuler 
frequency (84 minute period). 

The radio TD system is subject to atmospheric noise errors, dynamic errors 
and terrain anomaly errors. Narrow tracking loop bandwidths are required to reduce the 
atmospheric noise errors. However, from equation (13) in Section F.2.4, it can be seen 
that narrow bandwidths produce large dynamic errors. 

The use of a radio-inertial hybrid can permit a dynamically exact system to 
be designed such that the tracking loop bandwidth of the radio TD system can be made 
sufficiently narrow to track noisy signals. The resulting position error does not contain 
acceleration or velocity dependent terms, atmospheric noise errors are made smaller, and 
tracking in high noise to signal ratio areas is possible. 

F.6.1 Summary 

A singly axis-single channel radio-inertial hybrid navigation system is 
analyzed and found to be dynamically exact. Thus the performance of the system is inde- 
pendent of the dynamics of the aircraft. 
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The radio -inertial system removes the ramp error due to gyro drift rate that 
is present in the pure inertial system. However, oscillating position errors still exist. A 
radio-inertial combination operating at 100 kHz is analyzed. A pulse repetition frequency 
of 100 pulses per second and a receiver constant of 0.04 rad/sec are assumed. The range 
error in the hybrid system for large noise to signal ratios is found to be: 


Error Source 


Range Error 


Atmospheric noise 64 ft 

Accelerometer bias (10~ 4 g) 2 ft 

Gyro drift rate (0.1°/hr) 8 ft 


The oscillatory errors from the accelerometer bias and the gyro drift rate can 
be damped by providing damping signals from an optimal or suboptimal filter to aid in 
leveling the inertial platform. 


F.6.2 Mathematical Models 

Small signal mathematical models are presented for a single axis inertial 
system and a single channel tracking loop of a TD receiver. The two subsystems are 
connected to demonstrate the dynamic independence of the output. 


F.6.2. 1 Inertial System - Single A^cis 


A single channel representation of the local leveling loop of an inertial 
platform is shown in Figure F-18. The position output is related to the true position P and 
the error sources by: 


6 (S) 

Q(s) = P(s) + 

s 2 +0 2 


s(i 2 + Q 2 ) 


(82) 


where Q = 


- Schuler frequency 


(83) 
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P « Positron Input 

Q 21 Inertial Platform Output Position 
V= Inertial Platform Output Velocity 
R 0 = Earth Radius 

g = Gravitation Constant (32.2 ft/sec^) 
e Q - Accelerometer Errors 
e g = Gyro Drift Rate Error 


'Figure F-18„ Single Axis Inertial Platform Position Output 


A step input in accelerometer error e Q and the gyro drift rates Cg produce the following 
output errors: 

E(t) “ Q(t) - P(t) “ . (1 cos Qt) - (fit - sin fit) (84) 


fi 


fi 


Thus the position error due to a constant accelerometer error 1$ an undamped oscillation 
while the error due to a constant drift rate increases linearly with time. 


F.6.2.2 TD Receiver - Single Channel 


The phase locked tracking loop is analyzed in Section F.2.4. However, the 
benefits of rate aiding are not discussed in the appendix. 

Assume that the phase detection loop of the TD receiver is a critically 
damped. Type 2 feedback control system with a velocity aid inout from the inertial plat- 
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form of Figure F-18. Since the radio TD system operates in TD coordinates and the inertial 
platform operates ip local vertical, east, north coordinates, a transformation of coordinates 
by an onboard computer is assumed. The velocity aided phase locked loop is shown in 
Figure F— 19. 


The output of the radio tracking loop is: 

(2Bs '+ B 2 ) s 2 

Pr(s) = PCs) + e (s) j + -x 

(s+ B) 2 (s 2 


e a~ gSe g 
+ Q 2 )(s+B ) 2 


(85) 


The atmospheric noise error is random and is often simulated by white noise. In Appendix 
A the phase error in the phase locked loop is found in equation (Ha) for a pulse receiver: 


2 


cr 


P 


_5 

4 


(By) a q 


( 86 ) 


For high noise to signal ratios, the phase error 6 is a random variable that is uniformly 
distributed from -ir to it radians. 



s = Laplace operator 
T = coordinate transformation matrix 
B “ receiver constant 
P = Position input 
P f = Radio^inertial system output 


Figure F-19. Inertial ly Aided TD Receiver Tracking Loop 
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In this case... 


ir 


8 


v? 


and the standard deviation of the corresponding range error is 


(87) 


ff d = 


318 nr 

f \ fc 


ft 


(88) 


where B = receiver constant 

fc = l/y = pulse repetition frequency 
f = carrier frequency (MHz) 

For a 100 kHz and a pulse repetition rate of 100 pulses per second 
or d = 318^B~ ft 

A contemporary Loran C receiver uses a receiver constant of 
B = 1/25 sec - 1 

hence the resulting range error due to atmospheric noise is 
cr^ = 64 ft 

The accelerometer and gyro drift errors are approximated by step functions 
of magnitude 10 ^g and 0.T°/hr respectively. The response of the radio inertial combi- 
nation to a step in acceleration error of magnitude e is 


E (t) = 6 a ( cos Qt + 2Q_ sin Ot - (1 + Bt) e" Bt 
a b 2 \ b : 


(89) 


The first two terms are undamped sinusoids and the third term is a decreasing exponential. 
The peak range error due to accelerometer bias is 


E = e n /Z = 2 ft 
a a 


(90) 


A step function in the gyro drift rate error of e rad/sec produces a range 

9 


error of: 
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(91) 

The peak range error due to gyro drift rate is 

ge 

^ ~ 7T = 8 ft (Q0\ 

9 fJB 2 (92) 

F.6.2.3 Other Configurations 

The system that was considered in the previous paragraphs exerted no 
control on the inertial platform. A desirable feature of a hybrid system would permit 
signals from the radio system to damp the inertial platform. Sophisticated filter analysis 
can be applied to such a system to design a Kalman-Bucy filter, Wiener filter or a sim- 
pler sub-optional filter. The signal flow of such a system is shown in Figure F-20. 


E (t) = 
9 


9 ?. 


~2 cos Qt + ^ sin Qt + (2 + Bt)e 



Optimum Estimate of Position 



Vector Information Flow 


Figure F-20. Signal Flow Diagram for an Optimum Radio -Inertial System 
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F.7 VOR/DME 

The Very High Frequency-Omnidirectional Radio Range/Distance Measuring 
Equipment (VOR/DME) position finding system is the prime navigation aid for all IFR 
flights in the United States at the present time. The VOR transmitter permits the user to 
measure magnetic bearing to the facility and the DME transponder allows the user to 
measure range to the transponder. The pilot flys along a constant bearing (line of position) 
with respect to the transmitter; hence the aircraft flies along radials to or from the station. 
Typically, six to ten radials from the transmitters are used for air routes. All transmitters 
and some radial intersections from two transmitters are called waypoints in this study and 
are often given coded names. All IFR air traffic is directed along these air routes; hence 
this operating procedure leads to congested air routes. 

Course line computers have been designed and developed to allow the user 
to fly off airways and still utilize the VOR/DME signals. Thus the user can select arbitrary 
waypoints and thereafter fly directly to this waypoint. This permits VOR/DME to be used 
in an area navigation mode. 

Several operating deficiencies and physical limitations of VOR/DME systems 
are presented in the following sections. 

F.7.1 Operational Summary 

A summary of operational VOR/DME deficiencies include: 

(1) Gaps related to the cone of silence 

(2) Inefficient use of airspace 

(3) Line of Sight (LOS) limited 

(4) Inaccurate position fix information and noncontinuous 
surveillance information for ATC 
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F.7.2 VOR/DME Coverage 


Frequency protection of VOR/DME facilities can affect operational use of 
the systems by limiting the guaranteed range of reception. 




Protected Range of Reception 

Cat. A 

VOR (H) 

100 nmi above FL 450 

VOR (H) 

1 30 nmi to FL 450 

Cat. B 

VOR (L) 

40 nmi to FL 180 

VOR (T) 

25 nmi to 12,000 ft 


Definitions: 



VOR (H) 

High Altitude Enroute VOR 


VOR (L) 

Low Altitude Enroute VOR 


VOR (T) 

Terminal Area VOR 


The corresponding DME operational usage is given by the following altitude and inter- 
ference free distances: 

39 nmi to 15,000 ft 

78 nmi from 15,000 to 30,000 ft 

156 nmi from 30,000 to 75,000 ft 

The signal generated by a VOR transmitter can not be received by aircraft 
in a conical region above the transmitter called the cone of silence. This produces a 
volume in which no VOR navigation data is available. The cone of silence above a VOR 
facility is defined by the maximum angle of elevation of signal with respect to the plane 
of the transmitter and is approximately 40°; the dead zone in nautical miles above the 
antenna can therefore be defined as h cos 40° where h = altitude of the aircraft; e.g., 
for an aircraft at an altitude of 36,000 ft, 6 nm, the radius of the cone of silence would 
be 6 cos 40° = 4.6 nmi 

The cone of silence as a function of altitude is tabulated in Table F— IX. 
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Column 3, VOR Airways, states the diameter of a- cross section of the cone with respect 
to the altitudes indicated. Column 4 indicates the effect of utilizing a course line 
computer to parallel track at a distance of 5 nmi. At only one altitude, 50,000 ft, does 
the user enter the cone of silence. If the parallel is set at a distance equal to or greater 
than 7 nmi, the cone is missed completely for all altitudes up to 50,000 ft. 

TABLE F— IX 
VOR BLIND ZONES 



Altitude 

ft 

Cone of Silence 
VOR Airways 

Track offset = 5nmi 

Track offset > 7 nmi 

Low 

5,000 

1 .25 nmi 

0 

0 

Altitude 

15,000 

3.80 nmi 

0 

0 

High 

25,000 

6.30 nmi 

0 

0 

Altitude 

35,000 

8 .80 nmi 

0 

0 


50,000 

12.50 nmi 

4.9 

0 


The number of seconds an aircraft would remain within the cone of silence 
is illustrated below: 

CTOL Jet, 35,000 ft (480 kts) = 66 seconds 
VTOL at 25,000 ft (450 kts) = 50 seconds 
SST at 50,000 ft (1172 kts)^ 38 seconds 

Terms of reference used with the VOR route structure are: 

(1) Maximum Acceptable Altitude (MAA) for jet routes 
above FL 180 

(2) Minimum Enroute Altitude (MEA) for the low altitude 
enroute structure, 2000 ft MSL to 18,000 ft 

(3) Minimum Reception Altitude (MRA) for the low and 
high altitude enroute structure 
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(4) Minimum Obstruction Clearance Altitude (MOCA) 
for low altitude 

The MRA is particularly significant to the low altitude VOR route structure and terminal 
area control. Generally, in the densely populated terminal areas of the 1968 epoch, 
traffic is radar vectored by the controller utilizing SSR radar data; but if an area naviga- 
tion system were utilized as the means to flow control, the MEA may become of significance. 

F.7.3 Minimum Enroute Altitude 


The MEA is selected to provide the pilot with information about safe height 
above terrain along the airway , and the altitude above which he is assured of receiving 
a signal free from restrictions to LOS. Use of an Area Navigation System which derives 
its position information from VOR/DME could be compromised by a lack of knowledge on 
the part of the operator of the MEA for his area of operation; e.g., an attempt to operate 
into an airstrip located in a valley could place the receiver in a dead zone. Something 
of the variability of MEA at randomly selected places in the eastern U. S. is shown below. 

For the selected VOR radials in the New York, Cleveland, Philadelphia and 
Atlanta centers, the sample MEA average was: 


New York Area 

MEA = 2500 ft 

Philadelphia Area 


New Castle VOR 

MEA = 2000 ft 

West Chester VOR 

MEA = 2300 ft 

Pottstown VOR 

MEA = 2400 ft 

Pittsburgh Area 

Harrisburg VOR 

MEA = 3700 ft 

Johnstown VOR 

MEA = 4500 ft 

Cleveland VOR 

MEA = 3000 ft 

Atlanta VOR 

MEA = 2700 ft 
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F.7.4 inefficient Use of the Available Airspace 

A comparison of the potential service which can be made of a VOR airway 
system to the service which can be provided by an area navigation system produces the 
following results. In the current route structure, eight to twelve radials per VOR trans- 
mitter can be used for the definition of ai r routes. ATC constraints on cross track separa- 
tion, altitude separation and number of users per flight level in the cone of silence reduces 
the number of potential air routes to 4 to 6 user radials. 

A convenient method of mathematically identifying the theoretical capacity 
of the airspace covered by a VOR station is typified by the following expression: 


Number of Users: N = 1 + A . Nr 


VAtr 


k t ✓ (R — s) , , 
0r N - VAt + 1 


(93) 


where Atr > NrAt 

and Atr > ~ , 

where Nr = number of radials 

R = horizontal distance to the station 
s = dead zone distance (VOR cone of silence) 

V = aircraft speed 

At = desired longitudinal separation between aircraft 
Atr = a relationship expressing the system saturation constraint 
for handling traffic at VOR station. 

Then let Nr = 6, and let At = 3 min. 
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TABLE F-X 
SYSTEM CAPACITY 



Altitude 

VOR Airways 
No. of Users/ 
Point Source 

Area Navigation 
No. of Users/ 
Area Coverage 

Low 

5,000 

17(4)** 

20 

Altitude 

15,000 

24 (5) 

28 

High 

25,000 

26 (5) 

62 

Altitude 

35,000 

25 (5) 

59 


50,000 

11 (2) 

26 


**Traffic handling constraint, one user in the cone of silence 


Assume the following user performance as a function of altitude: 

50.000 ft (1100 kts), 18.3 nmi/min 

35.000 ft (480 kts), 8 nmi/min' 

25.000 ft (450 kts), 7.5 nmi/min 

15.000 ft (400 kts), 6.6 nmi/min 

. 5,000 ft (180 kfe), 3 nmi/min 

Separations then are 54.9, 24, 22.5, 19.8 and 9 nmi respectively for the 3 minute time 
spearation requirement. The limitation of one user in the cone of silence per flight 
level increases the distance interval by six miles. Placing the latter traffic handling 
constraint on the system reduces capacity of the system as seen in the parenthesis of 
Table F-X. 


The potential number of users who can be serviced with an area navigation 
system is determined as follows: 


1 4R R 

N = ( 2 <j + l)(^Iy) where d is lateral track separation (77) 
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A lateral separation criterion of 5 nmi is assumed for this- analysis. While only minor 
increases in system capacity can be achieved in the low altitude structure, a very 

substantial payoff is realized from implementation of the area navigation system in the 
high altitude route structure. 

In the current ATC system, traffic operating in the high altitude route 
structure generally begins transition to a lower altitude when overhead a VOR station 
unless the aircraft is being vectored by a controller. This procedure significantly impedes 
flow of traffic, capacity of the system and precipitates uneconomic operation. If a change 
to an off airways or parallel route system is adopted, provision for climb and descent paths 
not on the airway should be included in the traffic control planning structure. 

It is concluded from the above analysis that: 

(1) the present VOR air route system Is relatively inefficient 
in its utilization of the airspace at all altitudes; 

(2) the VOR air route system must either use a route structure 
which constrains the aircraft to a fixed path, or a greater 
tolerance in position accuracy must be allowed for off-airways 
operation. In the latter case, it would be necessary for one 
crew member to be continuously concerned with the navigation 
task; 

(3) implementation of an area navigation system which utilizes 
computer processed VOR/DME information could significantly 
increase system capacity and thus bears serious consideration; 

(4) off-airways climb and descent paths must be considered. 
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P*7.5 Frequency Saturation 

The VOR stations operate in the VHF band from 1 12 to 118 MHz with 
channel separation of 100 kHz. To avoid frequency overlapping in some service regions, 
the band from 108 to 112 MHz is utilized. The use of 100 kHz channel separation 
provides 60 channels in the 1 12-1 18 MHz band and 40 channels in the 108 to 1 12 MHz 
band. This latter set is assigned to ILS localizer freqeencies. Because of the large 
number of facilities which are required and the limited number of channels which are 
available, some overlap in frequencies is possible. 


F .7.6 Accuracy 


Present VOR/DME stations are designed and maintained to provide accuracy 
of bearing of + 2° inazimuth and an error in range not greater than 0.5 nmi of 3% of 
distance from the facility, whichever is the greater. The generally accepted identifica- 
tion of the error contributors to position determination utilizing VOR/DME inputs is the 
RSS value of the following components: 

DME error + VOR bearing error + slant range correction 


DME error = maximum of 3% of DME (slant) range or 0.5 nmi 
VOR bearing error = DME range x sin 2° or .034 x DME range 

slant range error = R - 


2 2 
R - Za 


~i lA 


(95) 


where R - DME (slant) range 
Za= aircraft altitude 


Total Position error = (DME errors + (.034R; + (R - 


R 2 Za 2 ) 


(96) 
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TABLE F-XI 

VOR/DME POSITION FIX ERROR SUMMARY 




pe vor / nrT "* ^ no 

altitude compensation) 

P *VOR' nm '* 

(with altitude compensation) 


VOR 

Maximum 

Operational 

Range 

Near Cone 
of Silence 

Maximum 

Range 

Near Cone 
of Silence 

Low 

5,000 

1.13 

mm 

1.13 

0.53 

Altitude 

15,000 

1.82 

m 



1.81 

0.53 

High 

25,000 

4.54 

1.95 

4.53 

0.60 

Altitude 

35,000 

4.54 




1.95 

4.53 

0.60 


50,000 

4.54 

1.95 

4.53 

0.84 


These figures show that the error in position of the aircraft relative to the VOR/DME 
station is principally dependent upon distance from the facility. At high altitude, 
slant range to ground range compensation is not needed when the aircraft is at a rela- 
tively great distance from the facility. However, when operating near the VOR stations, 
a failure to compensate for the altitude effect becomes a substantial part of the error 
budget. 

While the need for altitude compensation in an area navigation computer 
system might be questioned for reasons of cost, say for the GA1 and GA2 users, poten- 
tially large errors introduced by the airborne data link into the ATC surveillance system 
could be unacceptable. 

F.8 LANDING AIDS SUMMARY 

Table F-XII presents a tabular correlation of present landing minima with 
approach and landing aid systems performance. Conventional landing aids include the 
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ILS, AILS and Precision Approach Radar (PAR) systems. It will be observed that ILS 
meets the requirements for CAT^ II landing; the AILS system, assuming, availability of 
a suitable airborne computer algorithm in the Automatic Flight Control System (AFCS), 
gives promise of meeting CAT ill landing requirements. The accuracy and feasibility 
of the AILS system is undergoing test at the FAA's NAEFEC facility. The other candidates 
listed below meet CAT II minima. The DME and Radar Altimeter configuration is recom- 
mended for VTOL landing. 


TABLE F-XII 

WEATHER MINIMUM CONDITIONS - SYSTEM POTENTIAL 



CAT 1 

CAT II 

CAT II 

CAT III 



a 

b 

a 

b 

c 

RVR, ft. 

2600 

1600 

1200 

700 

150 

0 

Min. Decision 
Height, ft. 

200 

200 

100 

0 

0 

0 

ILS 

X 

X 

X 

- 

- 

- 

AILS 

X 

X 

X 

* * 

* 

* 

PAR 

X 

X 

- 




DME & Radar Altimeter 

X 

X 

X 




Ground Based Scanning 

X 

X 

- 





*With onboard processing and/or altimetery data, may be able to derive sufficiently 
accurate height information to meet I lie criteria. 


F . 8 . -1 Landing Aids 


Aids to IFR landing include the following types. 


F. 8.1.1 ILS 


The complete system consists of a VHF localizer (LOC) transmitting and 
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monitor unit (108 MHz to 112 MHz), a UHF glideslope (GS) transmitting and monitor 
unit (328.6 to 335.4 MHz), and VHF marker beacons (MB). All airports are not equipped 
with the glideslope mode; some utilize only the localizer channel. However, all FAA 
certified commercial carrier terminals do incorporate the glideslope localizer and MB 
transmitters. The coverage geometry of a typical null referenced ILS installation is 
shown in Figure F— 21 . This coverage and the system accuracy offer CAT II landing perfor- 
mance. The transmitting system accuracy is: 

GS Receiver accuracy: 0.0005° ler 

GS accuracy: 0.25° ler , 0.25 mean, bend tests made at 

several air terminals disclosed an accuracy of 
+_0.1°. Utilization of vertical arrays and 
advanced narrow beam radars may permit achieve- 
ment of the goal of 0.03° or 0.01° in areas where 
terrain does not create a problem 

LOC receiver channel: 0.018° la 

LOC: 0. 1° a ; with an improved monitor and an improved 

waveguide system, 0.01° is looked for. 

Stability and accuracy of the ILS beam is affected by the conductivity 
characteristics of the surrounding terrain. Local conditions such as variations in moisture 
content of the ground, vegetation and multipath effects created by reflectors such as cars, 
large aircraft, structural obstructions or new construction can cause significant propagation 
anomalies. Generally, the glideslope is more sensitive to perturbations in the surrounding 
environment than is the localizer beam. 

The system outputs GS and LOC signals to the aircraft. The airborne system 
receives and processes the data and presents to the pilot flight path deviation Information. 
Figure F-22 shows the information flow. 
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1LS Coverage Geometry AILS Coveroqe Geometry 



10 20 30 
Range n mi 


Figure F-2I. Landing System Geometry 



Figure F-22. ILS Information Flow 
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F.8.I.2 AILS 


The Advanced ILS (AILS) system differs significantly from the ILS system. 

The guidance data to the pilot is derived from both a?r and ground information. The 
air derived data is distance to go to touchdown obtained from a DME channel. The 
ground derived information is azimuth and elevation angle, which is linked to the aircraft 
via a Ku band radar. A ground controller can in turn monitor progress of the flight by 
observing the radar return on an azimuth and elevation scope. System coverage is shown 
in Figure F-23. 

System Accuracy : 

DME range: max (100 ft or 1% R) for airborne interrogator 
GS: 0.03° 1 <j 

LOC: 0.01° encoding, total 0.03° 1 <j 

Antenna accuracy: 0.01° . 

Two ground based, Ku band, antennas link azimuth and elevation information to the 
aircraft. The azimuth antenna and DME transponder are located on the centerline of the 
runway at the upwind end. A time delay keys the transponder to the vertical scanning 
antenna which is located 1,000 to 1,500 ft behind the intended touchdown point and offset 
from the runway centerline. Figure F-23 shows the information flow. 
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Figure F-23. AILS Information Flow 


F-84 







PNSI-TR-69-0301-III 


Although this system offers more accurate information, it can be saturated, 
the number of approach paths Is limited, and the system can service a single runway, only 
the physical location of the airborne antenna is technically different and service in a 
downtown metropolitan area for VTOL may not be feasible. 

F.8.1.3 Precision Approach Radar (PAR) 

Table 2 lists the characteristics of Precision Approach Radar, an x-band 
system which presents azimuth and elevation information on the operator's display. The 
aircraft transponder can be used to assist in identification. Command steering and altitude 
signals are voice linked to the aircraft. Category II landings can be effected with the 
PAR. The signal flow diagram is shown in Figure F-24. 



Figure F-24. PAR 


The system is limited to control of one aircraft at a time, signal attenuation, loop delays 
and precision of pilot response to steering commands. 
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APPENDIX G 

PILOT WORKLOAD ANALYSIS FOR NAVIGATION MANAGEMENT 
OF GA3 AND AIR CARRIER AIRCRAFT 

Appendix G presents the results of an analysis of pilot workload related to navigation 
management tasks for GA-3 and aircarrier aircraft operating in the proposed advanced 
navigation/ATC system. 

Eight major tasks were identified for what is called the General (1FR controlled 
airspace) Mission and seven major tasks were listed for the Landing, Category 11(b) Weather 
Minimajimode of operation. They can be related to the overall pilot management task by 
referring to the Event Sequence Diagrams of Appendix A. The specific functions include: 


General Mission: 

0) 

Set up system - initial. 

(2) 

Review current MET forecast. 

(3) 

Reprogram system - inflight. 

(4) 

Set surveillance link. 

(5) 

Acquire steering data, 

(6) 

Check flight plan status. 

(7) 

Update Meteorological forecast, and 

(8) 

Downlink ATC report. 

Landing, Category lib Minima: 

0) 

Update Meteorological forecast. 

(2) 

Insert initial differential time difference 

(3) 

Check flight plan status. 

(4) 

Prepare for Approach, 

(5) 

Reprogram inflight system. 

(6) 

Set surveillance link. 

(7) 

Acquire steering data. 


Ten navigation system configurations were subjected to evaluation. Table G-l 
relates system configuration to aircraft type and related mission. 
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TABLE G-l. 

CANDIDATE SYSTEM USERS 


System 

Use 

Class of User Aircraft 


| VTOL 

VTOL- Helicopter 

STOL 

CTOL & GA3 

SST 

vl 

Short Haul 

1 


■9 

| 


v2 

Short Haul 

X 


X 



v3 

Short Haul 
Terminal Area 
Altitudes 

■ 

X 

■ 



v4 

Long Haul 




X 

m 

v5 

Short Haul 

X 


X 



v6 

Short Haul 
Terminal Area 
Altitudes 

X 

X 

■ 


u 

v7 

Long Haul 




X 

m 

v8 

Short/Long Haul 

X 

X 

a 

X 

m 

v9 

Short Haul 

X 

X 

i 

X 


vlO 

Short Haul* 

X 

X 

X 




*Air Taxi 


In all cases the airborne system was assumed to be operating in accordance with 
an established Flight Plan Reference while in the General Mission mode. The ground- 
based ATC system was assumed to have the equivalent stored Flight Plan Reference. 
Wherever the equipment and related pilot tasks are identical in succeeding systems, the 
items arc omitted and replaced with the comment "Repeat tasks of system vl ", System 
differences are summarized in Table G-II. Note that workload analysis for the approach and 
landing phase was completed for only four of the systems. 

Following the pages which list the tasks, operating times and utilization factors, is 
presented a brief description of the "straw-man" control -display used to evaluate pilot- 
subject workload. It represents a synthesis of control- display systems currently available 
from a number of manufacturers. The C-D unit contains a number of new l/O modes 
found to be necessary for operation of sub-systems of the postulated advanced navigation/ 
ATC system. The operational procedures were specified in sufficient detail that a 
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reasonable assessment of piloPworkload could be completed. 

A control display unit for a. hypothetical moving map display, again only repre- 
sentative of currently available production systems, is described in the final paragraphs 
of this appendix. 


TABLE G-ll 

SYSTEM ELEMENTS AND THEIR CANDIDATE SYSTEM UTILIZATION 


System Configurations in Which Used (v-series) 


System Elements 'V 1 - 

1 

2 

3 

4 

■ 5 

6 

7 

8 

9 

10 

General Mission 

Low Frequency, Ground Based, Time 
Difference Receiver 

X 

X 

X 

X 

- 


- 


- 

X 

*Air Data System 

X 

X 

- 

X 

X 

- 

- 

- 

- 

- 

Area Navigation & Guidance Computer 

X 

X 

X 

X 

x 

X 

X 

- 

X 

X 

Air Carrier Control/Display Interface Unit 

X 

, X 

X 

X 

X 

X 

X 

- 

- 

- 

VHF Digital Data Link (Primary Comm.) 

* 

X 

X 

X 

X ' 

X 

X 

X 

X 

X 

VHF Voice Link (Secondary Comm.) , 

X 

X 

X 

' X 

X 

X 

X 

X 

X 

X 

Moving Map Display 


X 

X 


- 

X 

- 

- 

- 

X 

Doppler Radar (Ground Speed Only) 



X 

- 

- 

X 

- 

X 

X 

X 

Inertial Navigation System (INS) 




X 

- 

- 

X 

- 

- 

- 

NAV SAT UHF Receiver and Processor 





, X 

X 

X 

- 

- 

- 

VOR NAV/Comm. Receiver 








X 

X 

- 

DMF Receiver 








X 

X 

- 

Course Line Computer 








X 

- 

- 

Landing, Cat lib Minima 
Vertical Nav. Subroutine 

X 


X 


X 

X 





Precision DME 

X 


X 


X 

X 





Marker Beacon Receiver (MBR) 

X 




X 

- 





Radar Altimeter 

X 


X 


X 

X 





FL Rador 

X 


X 


X 

X 





Inertial Navigator 

X 




X 

J 





Doppler Radar System 



X 


- 

X 





NAV SAT . 


\ 



X 

X 





Differential Time Difference Reception 





X 

X 






Note: Omission of Air Data System refers to Velocity information only. 


G.l AiR CARRIER CONTROL DISPLAY UNIT 

Figure G-l shows the layout of the air carrier control display unit assumed for 
the workload evaluation. The panel was configured solely as a straw- man device for 
use in assessing the navigation management tasks of the postulated advanced navigation^/ 
traffic control system. It contains the modes, functions and data I/O capability required 
by the pilot for control of the candidate navigation systems. 
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Figure G.l. Aircarrier Control/Display Unit 
G . 1 . 1 Modes of Ope ration 

(1) Hold: a mode used in-flight for flight plan status" check. Data output 
is frozen while internal computations continue. Selection of a func- 
tion switch variable (WIND, TK/GS, DlS/YlME, etc.) reads out 
variables at the time "Hold" is depressed. 

(2) Flight Plan Insert: a mode which permits magnetic tape, paper tape, 
or magnetic card read-in of flight plan. (Data link read-in is a 
desirable feature.) 

(3) Limit Logic Insert: permits read-in of terminal area and enroufcfe 
Limit Logic variables. 

(4) Insert: keyboard or coded waypoint data is inserted by engaging 
this mode. 
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(5) Autopilot Insert: permits sequential insert of three autopilot way- 
points. 

(6) MMD: initiates moving map display operation. 

(7) Leg Transition: Manual mode requires manual cycling of flight path 
legs; Auto mode engages automatic flight control system flight with 
automatic leg cycling. 

(8) Navigation: PF mode uses NAV SAT (or VOR/DME or GBTD); 

DR uses air data (or doppler, or INS). 

G.l .2 Function Operation 

(!)• Waypoint Insert: Set function switch on waypoint (WPT), set thumb- 
wheel for waypoint identification (1, 2, 3 . . . 9); Option (1)- 
select coded waypoint (ZBY, HJG . . .), depress INSERT; 

Option (2) - select WP on coded waypoint, use keyboard insert, 
depress INSERT. 

(2) Waypoint Change: Set thumbwheel for waypoint identification (1, 2, 
3, • « . 9); Option (I) - select WP, insert keyboard data, depress 
INSERT; Option (2) - select coded waypoint, depress INSERT. 

(3) Autopilot: Sets up three waypoints for track following with automatic 
flight control system; depress autopilot insert; Option (1) - select 
coded waypoint, depress WPT ID INSERT, depress WP 1; repeat 
through WP 2, WP 3; Option (2) - select waypoint code WP, set 
thumbwheel waypoint identification, depress WPT ID INSERT, depress 
WP 1; repeat for WP 2, WP 3; Option (3) - set waypoint code WP; 
enter keyboard waypoint, depress WP 1; repeat for WP 2, WP 3. 

(4) Autopilot: Track offset engaged by depressing Autopilot Insert, 
selecting offset (1, 2, 5 nmi; right, left); TO used in normal 
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flight , FROM reverses waypoints (see Holding Pattern event sequence 
diagram, Appendix A) . 

(5) MMD: When engaged in the MMD mode, keyboard slews pens. 

(6) Land Waypoint Insert: Set function switch to LWPT; waypoint 
read-in is the landing point sequence (LN1, LN2 . . ,) 

Table G-lil following, lists the functions switch variables. 

G.1.3 Control/Display Unit Operation 
Pre- flight Phase 

The operator turns the mode selector to STANDBY. When the device has 
wanned up, the operator turns the mode selector to ALIGN, and the function selector 
switch to WP. The waypoint selector switch is turned to 0, and the coordinates of the 
waypoint are stored in the system by pressing the number buttons and then the insert 


TABLE G-lll 

AIRCARRIER CONTROl/DISPLAY UNIT - FUNCTION DESCRIPTIONS 


Function 

Selection 

Mode 

Selection 

Right Display 

Left Display 

it 

WIND 

NAV 

Reads wind speed in Kts. 

Reads wind direction w.r.t. hue north. 

POSITION 

NAV 

Reads present Latitude of aircraft 

Reads present Longitude of aircraft 

Dl S/TIME 

NAV 

Reads distance to go to waypoint 

Reads time to go to waypoint 

XTK/TKE 

NAV 

Reads X -Track Deviation 

Reads difference w.r.t. true north of the 
actual hack angle and the desired hack 
angle of the aircraft 

TK/GS 

NAV 

Reads track angle w.r.t. true north 
being made good 

Reads ground speed 

HDG/DA 

NAV 

Shows aircraft heading w.r.t. hue 
north 

Reads difference between hack angle 
being made good and aircraft heading 


NAV 

Desired track w.r.t. true north 

INOPERATIVE 

TIME/ETA 

NAV 

Reads time 

Reads estimated time of arrival, next waypoir 
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button. The waypoint selector switch is then incremented by 1, and the process is 
repeated until all the necessary waypoints have been inserted. A maximum of nine 
waypoints is generally sufficient for the majority of short haul runs. 

Departure, Arrival and Landing 

If ATC requires the aircraft to fly to various waypoints, the operator will 
select the XTK/TKE function and then select the appropriate waypoints. If, however, 
ATC is giving the aircraft vectors for departure, the operator will select the HDG/DA 
function and comply with ATC commands. 

Enroute 

The operator will normally use the XTK/fKE function. The TO/FROM 
waypoint indicator identifies the leg and waypoint transition. 


G .2 MOVING MAP DISPLAY/CONTROL UNIT 


The air-taxi class of operator was assumed to have and to use a pictorial map 
display for area navigation. This affects the pilot workload assessment for this class of 



Figure G-2. Moving Map Display/Control Unit 


TABLE G-IV 

MOVING MAP DISPLAY - NAVIGATION 
MANAGEMENT EVENT 



Task 

Time 

(tec) 

Utilization 

Factor 

Pre-Tax? end Tax? 

Select FIX mode 

2.1 

8 


Select waypoint 

8.6 

8 


Slew pen 

12.0 

6 


Select OP mode 

2.1 

8 

T/O and Enroute end 

Select waypoint 

8.6 

8 

Landing 

Select nav. aid 

8.6 

8 

Unprog ran irted Way- 

Select WP mode 

2.1 

8 

point 

Slew pen 

12.0 

8 


Select GB waypoint 

8.6 

8 


Return to waypoint 

8.6 

_8 



Ave 73.3 
Pilot/Copilot 
Navigator 

28.6% 

40.0% 
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vehicle. A moving map display- control panel, illustrated in Figure G-2, was postulated 
for the evaluation. If provided For selectable coded waypoints and a. mapito-computer 
read-in capability. 


TABLE G-V 

GENERAL MISSION, PILOf WORKLOAD ANALY5IS-, System vl 


SYSTEM vl, GENERAL MISSION 

1. 1FR Controlled Airspace, 

2. Domestic Short Haul, Congested Airspace, 

3. Flight Plan Reference 



•IF GBTD Receiver 




Air Data System 




Area Navigation ond Guidance Computer 
\^S Air Carrier Control/DTsploy Interface Unit 



VHF Digital Doto Link (Primary) 
VHP Voice Link (Back up) 




Ground System. Flight Plan Reference 





Utilization * 


Task 1 

Time 

Factor 

INITIAL SYSTEM SETUP 



1.1 

Switch «n 

1.1 

7' 

1.2 


10 

8 

T.3 

Select matter/flove/chain 

4 3 

8 

1.4 




1.5 

•Insert present latitude ettimote 

14 

8 

1.6 

Insert present longitude estimate 

14 

8 

J.7 

Select function switch - woyooint (WP) 

2.1 

8 

1.8 

Insert waypoint sequence identification number 

2.1 

8 

1.9 

Insert woy point latitude 

14 

8 

1.10 

Insert waypoint longitude 

14 

8 

l.N 

Repeat waypoint insert through entire sequence 

— 

— 

1.12 

Select function switch - land waypoint (LWP) 

2.1 

8 

1.13 

Insert land waypoint identification number 

2.1 

8 

1 14 

Insert lond woypoint latitude 

14 

8 

1.15 

Insert land woypoint longitude 

14 

8 

* 1.16 

Insert land waypomt altitude 

12 

8 

U7 

Repeat land waypoint insert through entire 



1.18 

Initiate G8T0 NAV search, acquisition, frock 

8.6 

8 

1.1? 

Select function switch - cross frock distance, 
track angle error (XTf/TKE) 

2 T 

_8 


(? WP, 1 1.W?) Time * 130.5 sec % Ulillietio'i Pilot ■ 

28.6 


(2 WP, 3 LWP) - 244 8 sec 

- 

28 6 


(I WP, 3 LWP) 1 . 275 0 lec 

- 

28 6 


(8 WP, 3 LWP) = 425.4 see 

= 

28.6 


(LIMIT LOGIC GROWTH CAPABILITY) 



1.20 

Select function switch - Limit Logie (LL) 

I 2.1 

8 I* 

1.21 

Insert iermmot Area AETA 

I 6 

8 I 

1.22 

Insert Terminal Area A ground speed 

1 8 

6 i 

1.23 

Insert Terminal Area A cross truck distance 

F 6 

8 1 

1.24 

Insert Terminal Area A altitude 

( 12 

8 I 

1.25 

Insert Enroufe AETA 

( 4 

8 ] 

1.26 .Insert Enrovte A ground speed 

f 8 

8 1 

1.27 

Insert Fnroute A eross track distance 

r 6 

8 I 

1.28 

Insert Enroute A altitude 

1 12 

_8_ I * 


Tune * J66 1 sec] % Utilization Pilot * 

128 6) 


Tatk2 



REVIEW CURPENT METEOROLOGICAL (MET) FORECAST 


2.1 

Review current met forecast 

30-300 

8 

2.2 

Select function switch - WIND 

2.1 

8 

2.3 

Insert wind speed 

8 

8 

2.4 

Insert wind heading 

8 

8 

2.5 

Select function switch - (XTE/TKE) 

2.1 

J5- 


Time * 50 sec „ , ,. 

•28,6 

•Alt data insert includes reeding dota word 

*• 

) porentheses indi cote growth times only 




Task 3a 

SYSTEM REPROGRAM INFLIGHT (a) 


3. la 

Select Function switch - WPT 

2.1 

3.2o 

Select vector waypoint identification number 

6.6 

3.3a 

Insert vector waypoint latitude 

U 

3.4a 

insert vector waypoint, longitude 

14 

3.5a 

Repeat vector woypoint insert through ------- 

entire sequence 


3.6a 

Select function switch (XTE/TKE) 

2.1 


Tim# ■ 40,8 stc 

- 77.4 mc 

- ] 14.0 sec 


* Utilisation Pilot *28.6 


Task 3b 

SYSTEM REPROGRAM INFLIGHT - (3) CODED WAYPOINTS (b) 

3, lb 5«!cct function switch - WPT 2.1 

3 2b' Select vector waypoint Identification number 8.6 

3.3b Select coded weypolnt 2.1 

3.4b Insert waypoint 1,] 

3.Sb Select vector wcypolnt identification number 2, 1 

3,6b Select coded waypoint 2. 1 

3.7b Insert waypoint |.t 

'3.8b Select vector waypoint rd« nti f.eot ion number 2.1 

3.9b Select coded woy point ' 2.1 

3. ICb Insert waypoint | . I 

3. 1 lb Select function twitch - (XTE/TKE) 2,1 

Tim# * 26.6 tec %Ut!hzat!on Pilot * 28,6 

W1 

T <»k * Tune Fc 

SET SURVEILLANCE LINK 

4.1 Set aircraft identity code in fro ns ponder 8.6 

4.2 Set ATC code fn transponder 8.6 

4.3 Set system for'interrogation 1.1 

4.4 S e t message format - (ABBR/5TD) 2. 1 


Tosh 5 

ACQUIRE STEERING DATA 

5. 1 Monitor track angle error (TKE) 

5.2 Steer revised court# — — — — ■ 


% Utilization Pilot * 10.7 


Toek 6 

FLIGHT PLAN STATU5 CHECK 
If LIMIT LOGIC: 

6. 1 Select function switch - Limit Logic (W) 

6.2 Monitor tolerance - A cl pbormmeri* 

Tune * 3.2 i#e 1 

If NO LIMIT LOGIC. 

6. 1 Heading check and reset 

6.2 Depress computer function twitch - HOLD 

6.3 Monitor ond read cross frock distance (X7X) 

6.4 Select function switch - Tty^GS 

6.5 - Monitor and read ground speed 

6.6 Select function twitch - D I S/TIME 

6.7 Monitor and read dittanc# to go 

6.8 Monitor and reod time to go 
•oil 8 waypoints, 3 land paints 


% Utilization Pilot * 
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Table G-IV contains a list of the operating procedures assumed for the evaluation 
The task times and percentage of pilot utilization computed for the assumed device are 
shown below. (See Tables G-V through G —X III.) 


TABLE G-V 

GENERAL MISSION, PI LOT WORKLOAD ANALYSIS, System vl (cont'd) 



Task 6 (cont ) 

Time 

6.9 

Select function switch - TlME/tTA 

2.1 

6.10 

Monitor end read time 

2.2 

6.11 

Monitor and reod ETA 

2.2 

6.12 

Select function switch - XTK/TKE 

2.1 

6.13 

Flight level cheek, monitor, and reset 

6.7 

6 14 

Fuel check end record 

10 


Time “ 45.4 sec 

$ 

| 

5 


Tosh 7 


UPDATE MET FORECAST 


7.1 

Update met forecast 

60 


Utilization 

Factor 


ToskB 

DOWNLINK ATC REPORT 
8. 1 Release standard report 

Time * l.l i 

“ lord Time * 717 
Eliminate MET fotecosi update 
Totol Time = 6S7 sec 


% Utilization Pilot * 60.2 

M _3 

% Utilization Pilot * 28.6 

% Utilization Pilot » 3 Q .9 
% Utilization Pilot = 28.2 


► SYSTEM vl, APPROACH 6 LANDING 

Assumption* I. CAT lib Landing 

2 Flight Plan Reference 

System vl fimtmment Approach 6 Landing Subsystem 
System v] 

Areo Novigotion Computer with Vertical 
Channel 
POME 
M3R 

Coder Altimeter 
FL Surveillance Rodor 
INS 



Task 1 


Util notion 

UPDATE MET FORECAST 

1 . 1 Update met forecast 

60 

17 

1.2 

Select function wind 

2.1 

8 

1.3 

“Insert wind heoding 

B. 

8 

1.4 

“Insert wind speed 

e 

8 

1 5 

Select function switch - (XTE/TKE) 

2.1 

8 


Time “ 80.2 sec ^Utilization Pilot 

= 52.6 

Task 2 

INITIAL DIFFERENTIAL TIME DIFFERENCE INSERT 



2.1 

Select terminal area DTD VHF channel 

10 

e 

2.2 

Set DTD VHF channel 

8.6 

e 

2.3 

Monitor DTD magnitudes 

15.8 

l 


‘Monitor with operational IN5 




Tosk 3 

FUGHT PLAN STATUS CHECK 

Utilization 

Time Factor 

Repeat tasks of system vl 

Time * 45.4 sec 

% Utilization Pilot ** 23.2 


Approaching final waypoint- 
Task 4 

PREPARATION FOR APPROACH 


4.1 Monitor DTD magnitudes 

T5.8 

1 

4.2 Record DTD value ATDl, ATD2 

10 

8 

4.3 Insert DTD value ATD1 

9 8 

8 

4,4 Insert DTD value ATD2 

9 8 

8 

4.5 Update command insert 

1.1 

8 

4.6 Select function switch - DR update 

2.1 

8 

4.7 Insert update command 

1.1 

8 

4 8 Select function switch - (XT^TKE) 

2.1 

8 

4.9 Set mode switch - LAND 

1.1 

8 




4.11 Select DME channel 

10 

8 

4. 12 Set POME channel 

8 6 

8 

4. 13 Set Marker Beacon Receiver channel 

8 6 

8 

4. 14 Select DME channel 

10 

8 

4.15 Set POME channel 

8.6 

8 

4.16 Monitor MB R IWP1 

2.1 

3 

4. 17 Initiate radar ot time ter update 

'7 1 

a 

4.18 Monitor MB R LWP2 

2 1 

3 

4.19 Initiate rodor al fi meter update 

2 1 

8 

4.20 Monitor MBR LWM 

2.1 

3 

Time — 90.6 sec 

% Utilization Pilot 

-23 0 

“Total Time * 481 7 sec 

% Utilization Pilot 

= 30 2 

“Total termmol area navigation management 


Utilization 

Tosk 4 (cont.) 

Time 

Factor 

4.21 Record DTD voW TD1, TD2 

10 

8 

4.22 Insert DTD value, TDI 

9.8 

8 

4,23 Insert DTD value, TD2 

9.8 

8 

4 24 Update command insert 

1.1 

_8 

Time = 65.1 tec 

% Utilizotion Pilot 

= 22 5 

Task 5 



INFLIGHT SYSTEM REPROGRAM (TERMINAL AREA VECTOR WAYPOINTS) 

5* 1 Repeat tasks of lyttem vl 



(1WP) Time = 40 8 sec 

% Utilization Pilot 

= 28.6 

(2 WP> - 77.4 sec 



(3WP) -114,0 sec 



Tosk 6 



INFLIGHT SYSTEM REPROGRAM (TERMINAL LANDING WAYPOINTS) 

6.1 Repeat tasks of system vl 



(4 WP ) Time = 178 9 sec 

% Utilization Pilot 

= 28.4 

Task 7 



SURVEILLANCE LINK SET 



7. 1 Repeat tasks of system v 1 

V 


Time -20.4 sec 

% Utilization Pilot 

= 28 6 

Tosk 8 



STEERING DATA ACQUISITION 



8.1 Monitor track angle error (IKE) 

1 1 

3 

8 2 St ‘ d 



Time —1.1 sec 

Utilizotion Pilot 

- 10.7 
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- SYSTEM v2, GENERAL MISSION 


1 . IFR Controlled Airspace, 

2. Domestic Short Haul, Congested Airjpocc 

3. Flight Plan Reference 


IF GBTD Receiver 
Air Octo System 

Area Novlgotion and Guidance Computer 
Air Carrier Conlrol/Display Interface Unit 
Moving Mop Display 
VHF Digital Data Link (Primary) 


VHF Voice link (Back up) 
(Receive DTD ATIS Signal) 


Task I lime 

INITIAL SYSTEM SETUP 

1 1 Switch on 1.1 

1.2 Estimate mop position 10 0 

1.3 Select master/slave/choin 4 3 

I 4 'Review flight plan ond ceod waypoints — — - — 

15 Select function twitch - waypoint (WP) 2.1 

1.6 Injert woy point sequence Identification number 2. 1 

I 7 Intert waypoint latitude 14 0 

I 8 Insert waypoint longitude 14 0 

1.9 Repeat waypoint insert through entire sequence ----- — 

1 . 10 Select function switch - land waypoint (IWP) 2. 1 

1 - 1 1 Insert land waypoint identification number 2.1 

) 12 Insert land waypoint lotitude 14.0 

I. 13 Insert lond waypoint longitude 14 0 

'All data insert includes reading doto word 


2 1 Insert land waypoint altitude 
2 2 Repeat lond wayporn! insert through entire 

land sequence 

2 3 Select function switch - position fix (POS) 

2 4 Select mode switch - moving map cfitploy (MMD) 
2 5 Slew MMD pen to aircraft eshmoled lotitude 
longitude 

2 6 Depress insert 

2.7 Select mode switch - automatic (auto) 

2 8 Initiate GBTD NAV search, acquisition, track 
2 9 Select function switch - cross frock distance, 
track angle error (XTE/TKE) 


Utilization 

Fgclor 


{] WP, T LWP) 
(2 WP, 4 IWP) 
(4 WP, 4 LWP) 
(8 WP, 4 LWP) 


Time = 120.5 sec 
= 234.8 sec 
3 265 0 sec 
* 415.4 sec 


2.1 

Utilization Pilot ■ 


MMD saves 10 sec on m>ho1 set up. 

(LIMIT LOGIC GROWTH CAPABILITY) 

Repeat tasks of system vl 

Time = 166 T sec] % Utilization Pilot = (28.6] ** 

Task 3 

REVIEW CURRENT MET FORECAST 


Repeat tosks of system vl 
* 

Time = 50 sec 

‘•Indicates growth item only 


% Utilization Pilot 9 28 6 


Tosk 4 

INFUCHT SYSTEM REPROGRAM 

Time 

Factor 

4 1 

Select function switch - WPT 

2.1 

8 

4 2 

Select mode switch - MMD 

2.1 

8 

4 3 

Select waypoint identification number 

8.6 

8 

4 4 

Slew MMD pen to vector waypoint 

12 

8 

4.5 

Depress insert 

U 

8 

4.6 

Repeal vector waypoint insert through entire sequence 


4 7 

Select mode switch - aufomotie (auto) 

2.1 

8 

4 8 

Select function switch - (XT^TTKE) 

2.1 

_8_ 


(1 WP) Time = 30. T sec 

(2 WP) = 45.3 sec 

(3 WP) =60.5 sec 

ToskS 

SURVEILLANCE LINK SET 

5 I Repeat tasks of system Vt 

- Time = 20 4 sec 

Task 6 

STEERING DATA ACQUISITION 

6 1 Monitor track ongle error (TKE) 

6 2 Steer revised course—— — 


% Utilization Pilot = 28. 6 


% Utilization Pilot = 28 6 


Time - 1 T seer 

FLIGHT PLAN STATUS CHECK 
7. 1 Repeat tosks of system V I 

Time = 45 4 sec 

Task 8 

UPDATE MET FORECAST 
8 1 Update met fore cost 

Time - 60 sec 

Tosk 9 

DOWNLINK AtC REPORT 
9. 1 Release Standard report 

Time = 1.1 sec 

Total Time g 654 sec 
Eliminate MET forecast update 
Total time * 594 sec 


% Utilization Pilot e 10 7 


% Utilization Pilot = 23.2 


Utilization 

Time Factor 


60 17 

% Utilization Pilot = 60 2 

1.1 8 

% Utilization Pilot = 30,9 

% Utilization Pilot = 31 1 
% Utilization Pilot = 28.9 


j ■» SYSTEM v3, GENERAL MISSION 

Assumptions I. IFR Controlled Airspace, 

1 2. Short Haul Congested Airspace - Terminal Area Altitudes, 
3 Flight Pfon Reference 


SYSTEM v3 
LF G8TD 

Doppler Radar System 
Area Navigation ond Guidance Computer 
Air Corner Control/Disploy Interface Unit 
VHF Digital Data Link (Primory) 

VHF Voice link (Bock up) 

Moving Mop Display 


See System V2 for tosk sequence, task times and % utilization pilot. 
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Tg^k 1 

Utilisation 

Tim# Factor 

UPDATE MET FORECAST 


1. 1 Update met forecast 

60 17 

1.2 Select function wind 

2.T 0 

1.3 'Insert wind heading 

8 0 

1.4 'Insert wind speed 

8 3 

1.5 Select function twitch - (XTE/TKE) 

2.1 _0 

Time * 80.2 tec 

% Utilisation Pilot * 52,6 

Totk 2 


INITIAL DIFFERENTIAL TIME DIFFERENCE INSERT 

2. 1 Select terminal area DTD VHF channel 

10 0 

2.2 Set DTD VHF channel 

8.6 8 

2.3 Monitor DTD magnitude* 

15.8 1 

2.4 Record DTD voluei £>TD1, ATD2 

10 8 

2 5 Insert DTD valve. ATD1 

9.8 8 

2,6 Insert DTD value. &TD2 

9.0 6 

2.7 Update command insert 

1.1 J_ 

Time * 65 T tee % Utilisation Pilot * 22 5 

TuiV 3 

INFLIGHT SYSTEM REPROGRAM (TERMINAL AREA VECTOR WAYPOINTS) 

3 1 Repeot tctki of system vl 


(1 WP) Time = 40.8 sec 

(2 WP) = 77 4 sec 

(3 WP) =114 0 sec 

% Utilization Pilot = 28 6 

To.W 4 


INFLIGHT SYSTEM REPROGRAM (TERMINAL LANDING WAYPOINTS) 

4. 1 Repeat toskj of system VI 


(4 WP) Time “ 178 9 tec 

% Utilization Pilot = 28 6 

Task 5 


SURVEILLANCE LINK SET 


5 1 Repeot tasks of system VI , 


Time = 20.4 sec 

Tosk 6 

STEERING DATAACQU1STJON 

% Utilization Pilot * 28 6 

6. J Monitor track angle emx (TKE) 

1.1 3 

Ste Id 


Time = I I tec 

% Utilization Pilot = 10 7 ! 

Task 7 

FLIGHT PLAN STATUS CHECK * 

Utilization 

Time Factor 

7. 1 Repeot tosks of system vl 


Time = 45.4 tec 

% Utilization Pilot * 23 2 


r 

*Mon itorwithoperot mnol doppiersystem | 


SYSTEM vl. GENEJAL MISSION 

1. 1FR Controlled Airspace, 

2. DomettTc/OceonTc Long Houl, 

3. Flight flan Reference 


System v4 
IF GSTD XKt>vir 
Air Dots System 
INS 

Area Navigation and Guidonce Computer 
Air Carrier Contro t/DitpIgy Interface Unit 
VHP Digital Data Link (Primary) 
VHF Voice Link (Sock up) 



Task 1 

Time 

Utilization 

Factor 

INITIAL 5YSTEM SETUP 



1.1 

Switch on 

1.1 

7 

1.2 

Estimate map position 

10 

8 

1 3 

Select mostes/slave/ehain 

4 3 

8 

1.4 

'Review Night plan and read woypomti — 



1.5 

•Insert present latitude estimate 

14 

8 

1 6 

Insert presc*T longitude estimate 

14 

8 

1.7 

Select function twitch - waypoint (WP) 

2 1 

8 

1.8 

Insert waypoint sequence identification number 

2 1 

8 

1.9 

Insert waypoint latitude 

14 

B 

■ 1.10 
1.11 

Insert waypoint longitude 

Repeot waypoint Insert through entire sequence 

14 

8 

1.12 

Select function switch * land wc/pomt (LWP) 

2 1 

8 

1.13 

Insert land waypoint Identification number 

2 1 

8 

1.14 

Insert land waypoint latitude 

14 

8 

1.15 

Insert land waypoint longitude 

14 

8 

1.16 

Insert lend waypoint altitude 

12 

8 

1.17 

Repeat fond uaypolnt Insert through entire 



1.18 

Initiate GBTD NAV search, acquisition, track 

8 6 

8 

•All data insert includes reoding data word 
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TABLE G-IX 

GANERAL MISSION, PILOT WORKLOAD ANALYSIS, System v5 


* 




Task 6 



1. 1 : S»l«l mod* switch - Mtft 

2.1 

8 

FLIGHT PLAN STATUS CHECK 



1.30 Select NAV mod* i witch - align 

2.1 

S 

If LIMIT LOGIC 



1.21 Select m ode switch - NAV 

2.1 

8 

4.1 

Select function switch — Limit logic (W 

2.1 

8 

| 1.22 Select function twitch - crou track dutoote. 


4.2 

Monitor tolerance - A alphanumeric* 

t.l 

3 

track angle error (XI fc/JKfc) 

2.1 

t 









Time - 3.2 sec 

% Utilization Pilot 

22.4 

[] Wf, 1 LWF) Tin. - 134.5 IK 

% Utilisation Pilot * 

28.4 





(2 WP, 3 LWP) - 250.8 uc 

- 

28.4 

If NO LIMIT LOGIC 



(4 WP, 3 LWP) * 231 0 sac 

w 

28.4 

6.1 

H coding check ond reset 

5 

8 

(8 WP, 3 LWP) * 431.4 sec 

. 

28.4 

6.2 

Depress computer function switch - HOLD 

2.1 

8 




6.3 

Monitor a ref reod cross track distance (XTK) 

2.2 

3 

(UMJT LOGIC GROWTH CAPABILITY) 



6.4 

Select function switch - TK/GS 

2.1 

8 

1.23 Select function twitch - Limit Logic (Li) 

I 3.1 

s I** 

6.5 

Monitor and reod ground speed 

2.2 

3 

1.24 Intart Terminal Area AETA 

! * 

8 I 

6.6 

Select function switch - D1S/T1ME 

2.1 

8 

1.25 Insert Ttrmlnol Area A ground ipwd 

f s 

8 1 

6.7 

Monitor ond reod distance to go 

2 2 

3 

1.24 Intart Terminal Area A era** track distance 

1 5 

8 ] 

6.8 

Monitor end read time to go 

2.2 

3 

1.27 Insert Terminal Area A altitude 

1 13 

s 1 

6.9 

Select function switch - TJM£/£TA 

2.1 

8 

1.28 Intert Enroute AETA 

t 4 

8 ] 

6. 10 Monitor and reod time 

2.2 

3 

1.29 Intert Enroute A ground speed 

I 8 

8 } 

6.11 Monitor and reod ETA 

2.2 

3 

1.30 Intert Enroute A crots track distance 

I 4 

8 I 

6, 12 Select function switch - XTty*TK£ 

2.1 

8 

1.31 Insert Enroute A altitude 

f 12 

8 ] 

6. 13Flight level cheek, monitor, and reset 

6.7 

8 

Time * {44 1 sec] 

% Utilization Pilot ■ 

[28.41 

6.14Fuel check end record 

10 

B 

1 ** 1 ] parenthesis Indicates growth times only 



Time ■ 45.4 sec 

% Utilization Pilot 

*23.2 







Utilization 

Tosk 2 

Time 

Factor 


Task 7 

Time 

Factor 

REVIEW CURRENT MET FORECAST 



UPDATE MET FORECAST 



2. 1 Review current met forecast 

30-300 

8 

7.1 

Update met forecast 

40 A 

17 

2.2 Select function switch - WIND 

2.1 

6 


Time * 60 sec 

% Utilization Riot 

= 60 2 

2.3 Monitor wind speed 

8 

8 


Toik8 



2.4 Monitor wind heading 

8 

8 

DOWNLINK ATC REPORT 



2.5 Select function switch - (XTf/TKE) 

2.1 

J5 

0.1 

Release standard report 

1 1 

JJ 

Time * 50 sec 

% Utilization Pilot 

28 4 


Time = 1.1 sec 

% Utilization Riot 

= 28 6 

Tosk 3 







INFLIGHT SYSTEM REPROGRAM 




•Total Time a 723 sec 

% Utilization Riot 

= 30 9 

3 1 Select function switch - WPT 

2 1 

8 





t 3.2 Select vector wcypaint Identification number 8,4 

8 


Eliminate MET forecast updote 



3.3 Insert vector woypoint latitude 

14 

8 


Total Time - 463 sec 

% Utilization Pilot 


3 4 Insert vector waypoint longitude 

14 

8 





3*5 Repeat vector waypoint insert through entire 


•all 8 waypoints, 3 land points 



sequence 

— 






3 6 Select function switch - (XTErTXE) 

2 1 

_8 





(1 WP) Time « 40 8 sec 

% Utilization Pilot 

28 6 





(2 WP) * 77 4 sec 




— - SYSTEM v5, GENERAL MISSION 


(3 WP) » 114 0 sec 







Task 4 













SURVEILLANCE LINK SET 














4.1 Set aircraft identity code in transponder 

8 6 

8 












4 2 5et ATC code In transponder 

8 4 

8 





4.3 Set system for interrogation 

1.1 

8 





4 4 Set message Fermat - [A8BR/STD] 

2 1 

_8 


System v5 



Time - 20 4 sec 

% Utilization Pilot* 

•28.4 


NAV SAT UHF Receiver ond Preprocessor 






Air Dcto System 




Utilization 


Area Navigation and Guidance Computer 


Tosk 5 

l£S. 

Factor 

c 

jj Air Carrier Contra I/D itploy Interface Unit 


STEERING DATA ACQUISITION 



VHF Digital Data Link (Primary) 


5 1 Monitor track angle error (TKE) 

1-1 

3 


VHF Voice Link (Back up) 


5.2 Steer revised course — — — 



— — 





Time ■ 1.1 sec 

% Utilization Pilot* 

10.7 
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TABLES: G-IX, G-X, G-XI 

GENERAL MISSION, PILOT WORKLOAD ANALYSIS, Systems v5, v6 and v7 


SYSTEM vS> APPROACH & LAND 


SYSTEM v7, GENERAL MISSION 


System vS 

NAV SAT UHf Receiver and frtpncww 
Area Navigation Computer with Vertical 
Channel 

INS 

ROME 

DTD Reception 
Rodor Altimeter 
Mfit 

FL SuYtillonci Radar 


VTQL Syitem v5 (Load) 

Operotei as System Vl landing. Chang* only to NAV SAT selection In terms 



r 

Assumptions: 1 

IFR Controlled Airspace, 

2. 

Short Hcul Congested Airspace, 

3, 

Terminal Area Altitudes, 

4 

Flight Piors Reference 



System v6 

NAV SAT UHF Xtciim and Frtprocnior 
Areo Navigation ond Guidance Computer 
Aw Corner Control Display Interface Unit 
Doppler Rodor System 
Moving Mop Duptoy 
VHF Digital Dato Link (Primary) 
VHF Voice link (Back up) 


Operate* ci System vj 


-SYSTEM v6, APPROACH & UNOING 

Cat II b landing Minima, 

Flight Plan Reference, 

VTOl System 


NAV SAT UHF Receiver and Preprocessor 

Area Navigation and Guidonc* Computer 
with Vertical Channel 

Doppler Radar System 
PDME 

DTD Reception 
Rodor Altimeter 
FL Surveillance Rodor 



Aminiftl»ni. I- IfR Controlled Alrrpoce 

| 2. VIOL System 

I 3. Flight Flan Reference 


NAV SAT IMF Receiver ond Preprocessor 
INS 

Area Navigation ond Guidance Computer 
Air Comer Cortrol^isploy Interface Unit 
VHF Digital Data Link (Primary) 

VHF Voice Link {Bock up) 


Operates os System V4. 


m SYSTEM v0, GENERAL MJSSION 
I . If X Controlled Alrspoce, 

2* Domestic Short Haul gnd long Haul Congested Airspace, 
3. Flight Plan Reference 




System v8 


VOR NAV/Comm Receiver 
UHF DME 

Court* Line Computer 
Doppler Rodor System 
VHF Digital Dato Link (Primary 
VHF Voice Link (Back up) 


Task 1 

Tim* 

Utilization 

Foctor 

INITIAL SYSTEM SETUP 



1, 1 Switch on 

l.l 

8 

1 2 Select VOX channel 

15 

8 

1.3 Set VOR channel 

8.6 

8 

T.4 Select DME channel 

1.5 

8 

1.5 Set DME chonnel 

B.6 

_8 

Time 1 48.3 sec 

% Utilization Pilot 

28 6 

Toik 2 



REVIEW CURRENT MET FORECAST 



2, 1 Review current met forecast 

30 

B 

2.2 Monitor wind speed 

8 

8 

2.3 Monitor wind heading 

8 - 

_8 

Time 3 44 sec 

% Ut il notion Pilot * 28 6 

Task 2 (coni.) * 

Time 

Utilization 

Factor 

INFLIGHT SYSTEM REPROGRAM (OR MANDATORY PROGRAM) 


2.4 Select VOR chonnel 

15 

8 

2.5 Set VOX chonnel 

8 6 

8 

2,6 Select DME chonnel 

15 

8 

2.7 Set DME chonnel 

8.6 

8 

2 8 Select offset radio! 

10 

6 

2.9 Insert offset rodial 

8.6 

8 

2. 10 Select offset distance 

10 

8 

2.11 Insert offset distance 

8.6 

8 

7. 12 Identify italien(i) 

5 

1 

2. 13 Set station idenf in dato link 

8.6 

8 

Time = 98 sec 

% Utilization Pilot 

= 28.6 

•Time = 78 sec 

% Utilization Pilot 

= 28.6 


G-13 
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TABLE G-XII 

GENERAL MISSION, PI LOT WORKLOAD ANALYSIS, System v9 


SURVEILLANCE LINK SET 

3. 1 Set aircraft identity code in transponder 

3.2 Set ATC cod* in transponder 

3.3 Set station ident in data link 

3.4 Set system foe interrogation 

3.5 Set message Formot - [A&8R/STD) 


8.8 Insert offset distance 

8.9 Select offset radial 
8. TO Insert offset radial 

8.11 Select offset distance 

8. 12 Insert offset distance 

8. 13 Select offset radial 
•Only one waypoint set 


% Utilization Pilot - 2S 6 


•assumes offset radial and distance predetermined 


Task 4 

STEERING DATA ACQUISITION 

4.1 Set desired magnetic course 

4 2 Monitor track onglt error (IKE) on HSI 
4.3 Steer revised course - - ---- — — 

Time * 5.4 sec 

Task S 

FUGHT PLAN STATUS CHECK 

5. 1 H coding check and reset 

5.2 Read DTG 

5.3 Record DTG 

5.4 Reed mognetie bearing to waypoint 

5.5 Record magnetic bearing to waypoint 

5.6 Plot position on map 

5.7 Reod crass track distance 

5.8 Read ond record etopsed time 

5.9 Reod and record ground speed 

5. 10 ETA check and record 

5.11 ET£ check and record 

5. 12 Flight level check, monitor, ond reset 

5. 13 Fuel cheek and record 


8.14 Insert offset radial 

8. 15 Select offset distance 

8. 16 Insert offset distance 


% Utilization Pilot = 28.6 


Task 6 

UPDATE MET FORECAST 


6. 1 Updole met forecast 


Task 7 

DOWNLINK ATC REPORT 
7.1 Release standard report 

Time 3 


% Utilization Pilot M 24.9 


% Utilization Pilot ■ 28.6 


60 17 

% Utilization Pilot = 60.7 


1.1 8 

% Utilization Wot 3 28.6 



•Total Time = 377 1 sec 

% Utilization Pilot 

= 33 6 


Eliminate MET forecast update 
Totol Time » 317 sec 

% Utilization Ptiot 

3 28 5 

Landing performed as in system v3. 

Requires ground system convert surveillance information. 
TaskS 

LANDING SYSTEM PROGRAM 

8 1 Select VOR channel 5 

8 

8.2 

Set VOR chonnel 

8.6 

8 

8.3 

Select DME channel 

5 

8 

8.4 

Set DME channel 

8 6 

8 

8 5 

Select offset radial 

10 

8 

8.6 

Insert offset rodid 

8 6 

8 

8 7 

Select offset distance 

10 

8 


- SYSTEM v9, GENERAL MISSION 


Assumption* I. IFR Controlled Airspace, 

2, Domestic Short Kaui/Congested Airspace, 

3 Flight Plan Reference 

System v9 

VOR NAV/Comm Receiver 
J. UHF DME 

{ i ) Area Navigation ond Guidance Computer 

Doppler Rodor System 
VHF Digital Dot a Link (Primary) 

VHP Voice Link (Sack ip) 


. Task 1 

INITIAL SYSTEM SETUP 

1.1 Switch on 

1.2 ‘Review flight plan ond read woypomti -- - — 

1.3 Insert present latitude estimate 

1.4 Insert present fongitude estimate 

1 .5 Se lect f unct . on switch - VORTAC WP 

1 6 insert wqypoic* sequence identification number 

1.7 insert VORTAC latitude 

1.8 Insert VORTAC longitude 

1.9 Insert offset radial 

1. 10 Insert offset distance 

1.11 Repeat waypoint insert through entire sequence 

1.12 Select function switch - land VORTAC WP 
(LVWP) 

1.13 Insert fond waypoint sequence identification 
number 

1.14 insert VORTAC (T) latitude 

1.15 Insert VORTAC (T) longitude 

1.16 Insert lend offset radiol 

1.17 Insert Fond offset distance 

1.18 Insert fond offset of ti hide 

1. 19 Repeot Fond waypoint sequsnee identification 

number — 

1 .20 Select function switch - crow track distance, 
track angle error (XTE, IKE) 

1.21 Select VOR frequency 

1.22 S«t VOR frequency 

1.23 Select DME frequency 

1.24 Set DME frequency 

‘All data insert includes reading data word 


Time 

1.1 

Utilization 

Factor 

7 

14 

8 

14 

8 

2.1 

8 

2.1 

8 

14 

8 

14 

8 

12 

8 

12 

8 

2.1 

8 

2.1 

8 

14 

8 



12 

8 

12 

8 

12 

8 

2.1 

6 

15 

8 

8.6 

8 

15 

8 

8 6 

8 
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TABLE G-Vlll 

GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System vlO 


(1 WP, l LWP) Tune = 202.8 sec 

% Utilization Pilot 

= 28.6 

If NO LIMIT LOGIC 


<2 WP, 3 LWP) “ 388.0 sec 






(4 WP, 3 LWP) = 496 8 sec 



7.1 

Hooding cheek and reset 5 

8 

{8 WP, 3 LWP) =712 8 we 



JJ.2 

Depress computer function switch - HOLD 2.1 

8 

Tori 2 



7.3 

Monitor and reod cross track distance (XTK) 2.2 

3 

REVIEW CURRENT MET FORECAST 



7.4 

Select function switch - TK/GS 2.1 

8 

2.1 Review current met forecast 

X 

8 

7.5 

Monitor ond rood ground speed 2.2 

3 

2.2 Monitor wind speed 

8 

8 

7.6 

Select function switch - DIS/TIMc 2, 1 

8 

2.3 Monitor wind heading 

8 4 

e 

7.7 

Monitor and read distance to go 2.2 

3 

Time = 46 sec 

% Utilization Pitot 

= 28.6 

7.8 

Monitor ond rood time to go 2.2 

3 




7.9 

Select function twitch - TIME/ETA 2. 1 

8 



Utilization 

7. 1C 


3 

Task 3 

Tim# 

Factor 







7.11 

Monitor and reod ETA 2.2 

3 

INFUGHT SYSTEM CHANGE 



7.12 

Select function switch - XTK^TKE 2. 1 

8 

3. 1 Select VOR frequency 

15 

8 

I 7.13 

Flight level check, monitor, and reset 6.7 

8 

3.2 Set VOR frequency 

8 6 

8 

7.14 

Fuel check ond record IQ 

_8 

3.3 Select OME frequency 

10 

8 


Time *45.4 sec % Utilization l-i lot 

-23.2 

3.4 Set OME frequency 

8.6 

8 








Task 8 



% Utilization Pilot 

28 6 




Tusk 4 



UPOATE MET FORECAST 


INFLIGHT SYSTEM REPROGRAM 









8.1 

Update met forecast 60 

17 


2.1 

8 









-60.2 

4.2 Select vector woy point identification number 8 6 

8 




4.3 Select VORTAC latitude 

10 

8 


Task 9 


4 4 Insert VORTAC loti fude 

U 

8 

DOWNLINK ATC REPORT 


4.5 Read VORTAC latitude 

1.1 

0 







8.2 



4 6 Insert VORTAC longitude 




— 


4 7 Select offset radial 

10 

S 


Tim* = 1. 1 sec % Utilization Pilot 

*28.6 

4 8 Insert offset rodial 

12 

8 


Total Time * 1254 tec % Utilization Pilot 

-29.9 


10 

8 










4 10 Insert offset distance 

12 

8 




4.11 Repeat vector waypoint insert through entire 




Totol Time * 1204 sec % Utilization Pilot 

-28.4 

sequence 






4, 12 Select function switch - (XIE/TKE) 

2.1 

8 





8 6 

8 










4 14 Sot OME channel 

8 6 

8 




4. 15 Identify statton(s) 

3 

1 

1 

Assumptions 1. 1FR Controlled Ampoc# 


(1WP) Time * 118.1 sec 

% Utilization Pilot c 28.6 


2. Domestic Short Haul, Congested Airspace, Air Taxi, 

(2 WP) * 203 3 tec 




3. Flight Plan Reference 


ToskS 




System vlO 






IF GRID Receiver 


SURVEILLANCE LINK SET 




Arec Navigation ond Guidance Computer 


5. 1 Set aircraft Identity code *n transponder 

8.6 

8 

• n 

Jv (Mlaimum Automation) 


S 2 Set ATC Code In transponder 

8.6 

8 

"O' Moving Map Display Interface Unit 


5.3 Set system for interrogation 

1.1 

8 


Doppler Rodaf 


5 4 Set message format - (A8BR/STD) 

2.1 

8 


VHP Digital Data Link (Primary) 






VHP Voice Link (Sock up) 


Tim* 3 20.4 see % Util notion Pilot * 

23.6 









Utilization 

Task 6 




Task 1 Time 

Factor 

STEERING DATA ACQUISITION 



INITIAL SYSTEM SETUP 


6. 1 Monitor track angle error (TKE) 

hi 

3 

1.1 

Switch on 1.1 

7 

6.2 Steer revised course — — 


— 

1.2 

E st i mote mop position 10 

8 

Time *1.1 sec % Utilization Pilot * 

10.7 

1.3 

Select moster/slave/cham 4.3 

8 




1.4 

•Review flight plan and read waypoint* 


Toik 7 



1.5 

Select function switch - position fix (POS) 2. 1 

8 

FLIGHT PLAN STATUS CHECK 



1.6 

Select mode switch - moving mop display (MMD) 2. 1 

8 

If LIMIT LOGIC: 



1.7 

Slew MMD pxsn ra aircraft csiinratcd latitude, 12' 

8 





longitude 


7.1 Select function twitch - Limit logic (LI) 

2.1 

8 

t.B 

Select function twitch - WPT 2. 1 

8 

7.2 Monitor tolerance - alphanumeric 

1.1 

3 

1.9 

Select initial waypoint 10 

8' 

* Time *3.2 sec % Utilization Pilot * 

22.4 

"All data insert include* reading data word 
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TABLE G-Xll! 

GENERAL MISSION, PILOT WORKLOAD ANALYSIS, System vIO (cont'd) 


Utilization 


Task 1 (corf.) 

Time 

Factor 

1.10 Locot* initial woy point 

10 

8 

l.tl Sal act mod* switch - MMD 

2.1 

8 

1.12 Slow MMD pen to Initial waypoint 

12 

8 

1.13 Depress lm*rt 

U 

6 

1.14 S*1*ct mod* switch - AUTO 

2.1 

8 

1.15 Select mod* switch - MMD 

2.1 

8 

Tim* - 73 1 wc 

% Utilization PM of ■ 

28.6 

Task 2 



REVIEW CURRENT MET FORECAST 



2. 1 Repeat talks of system v2 



Tim# M 50 MC 

Task 3 

% Utilization Pilot" 

28 6 

INFLIGHT SYSTEM PROGRAM (Also for LANDING PROGRAM) 


3.1 Select waypoint 

10 

8 

3.2 Locate waypoint 

TO 

3 

3.3 Select Function switch - WPT 

2.1 

8 

3.4 S*I«ct mod* switch - MMD 

2.1 

8 

3 5 Slaw MMD pan to waypoint 
3.6 Otprtst Insert 

12 
t 1 

8 

3.7 Salaet mod* switch - AUTO 

2.1 

8 

3.8 S*l*et mode switch - MMD 

2.1 - 

6 

Tim* * 41.5 s*C 

% Utilization Pilot * 

23.0 




Task 4 



SURVEILLANCE LINK SET 



Repeat talks of system vl 



Tim* * 20 4 **c 

% Utilization Pilot = 

28 6 

ToskS 

Time 

Utilization 

Factor 

STEERING DATA ACQUISITION 



5. 1 S«t desired magnetic course 

4.3 

8 

5.2 Monitor frock angle error (TKE) oo H51 

5.3 Steer revised course 

l.l 

3 


Tim* * 5,4 see % Utilization Pilot * 24.9 


Task 6 



FLIGHT PLAN STATUS CHECK 



6.1 Hooding check and reset 

5-60 

8 

6.2 Reod DTG 

1.1 

3 

6.3 Record OTG 

•3 

8 

6.4 Reod magnetic bearing to waypoint 

1.1 

3 

6.5 Record magnetic bearing to waypoint 

3 

8 

6.6 Plot position on mop 

20 

8 

6.7 Read croes hack distance 

TO 

8 

6,8 Reod ond record elapsed time 

6 2 

8 

6.9 Reod ond record ground speed 

6 2 

8 

6.10 ETA check end record 

10 

8 

6.11 ETE check ond record 

10 

8 

6. 12 Flight level check, monitor, ond reset 

6.7 

8 

6.13 Fuel cheek ond record 

10 

8 

Tim# “ 89,3 see 

Task 7 

% Utilization Pilot 5 

= 28 6 

UP0ATE MET FORECAST 



7.1 Update met forecast 

60 

17 

Tim# - 60 sec 

% Utilization Pilot 

60.7 



Utilization 

TeskS 

Tim* 

Foe tor 

DOWNLINK ATC REPORT 



8. 1 Release standard report 

1.1 

a 

Time- 1.1 sec 

% Utilization Pilot “ 

28.6 

•Total Tim* » 711 sec 

% Utilization .Pilot = 

31 3 


Eliminate MET forecast update 



Total Tim* * 651 sec 

% Utilization Pilot “ 

29 4 

•Only on* waypoint set 
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APPENDIX H 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS, GA1 AND GA2 

This Appendix summarizes the results of one of the workload assessments 
performed in the study. In this instance, the subjects were pilots of GAI and GA2 
aircraft. Measurements were made of the typical operations and procedures which 
might be required of a pilot in the utilization of a number of feasible candidate 
navigation systems. In fact, 14 configurations were examined . 

In addition to the workload summary, this Appendix summarizes the results 
of two brief analyses which were performed to establish the credibility of considering 
two general aviation systems. Both of these are GA aircraft navigation systems which 
utilize either NAV SAT or GBTD airborne receivers in conjunction with an automated 
ground system. The NAVSAT system is subject to saturation (See Appendix F, Section 
F.3.4) if either the fixing frequency of the general aviation user increases or if continuou 
surveillance information must be available to ATC. Therefore, to supplement the fixing 
frequency an air data a long-track cross-track computer system was sized for general 
aviation application. Although the estimates of computer storage and speed are based on 
present day airborne general purpose computers, it was assumed this technology would be 
available in the 1980 time period for special purpose general aviation application. 
Therefore, the study was performed to compute, based on current state of the art, the 
solution time or the iteration rate that could be expected in the solution of along-track 
cross-track equations. If the solution rate is less than the update frequency requirement 
of the general aviation aircraft, or if the information is continually output, compatible 
to ATC surveillance interrogation rates, the system is a viable candidate for general 
aviation application. Section H.3 sizes the computation requirements. 

In addition to the NAV SAT saturation problem, other advanced general 
aviation system problems must be resolved. GBTD and NAV SAT airborne receiver are 
configured in Systems gl, g2, g3, g4, g5, g6, g7 and g8 as repeaters. The airborne 


H-l 



PNSI-TR-69-030T-1M 


system receives time difference data, and repeats the received signals, for transmission to 
the ground system. The ground system computes the general aviation pilot guidance infor- 
mation and uplinks the signal to the aircraft for display. This configuration is extremely 
low cost and worthy of application. However, the GBTD CW systems present lane resolution 
ambiguities. A technique is outlined in this Appendix for integrating the lane resolution 
computation into the airborne and ground system; Section H.2 presents a typical technique. 

H. 1 GA1, GA2 NAVIGATION MANAGEMENT WORKLOAD 

Several levels of automation were considered, beginning with the 
use of the aeronautical chart as the data reduction and information correlation de- 
vice. Each aid to navigation was considered to have both a manual and an auto- 
matic position determination mode. Three sources of position determination infor- 
mation were considered: VOR/DME, NAV SAT, and LF Ground Based TD. 

Communication workload was treated in a similar way, beginning with present- 
day voice communication and proceeding through an intermediate level of automation to a 
fina^fully automatic data link. 

In each case the ATC system relies upon a mixing of down-linked navigation 
data and present radar data for the generation of surveillance data. Nine of the configura- 
tions were assumed to interface with the ATC Flight Plan Reference System, which is a 
principal feature of the recommended system. • 

The candidate system levels of automation are tabulated in Table H-l. 

The workload measurements were performed in the context of the Event Sequence 
Diagrams described in Appendix A. Because the candidate systems were only hypothetical, 
if was necessary to make assumptions about the related pilot's control-display device in 
order that task times might be estimated. Several of the panel configurations prepared for 
the workload measurements are included with this Appendix. See Figures H-T. . . H-8. 

Results of the workload measurements are summarized in Table H-l I and 
discussed in Section 6 of this report. 
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TABLE H-l 

GENERAL AVIATION (GA1 , GA2) ADVANCED NAVIGATION/ 
TRAFFIC CONTROL SYSTEMS 



x: Also used with navigation units gl, g2, g5 and g 7 
o: Voice as backup 
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Figure H-3. Typical Conhrol/Dhplay for Systems g7 and g8 


Figur* H-2. Typlcol Control/Dfsploy for Systems $3, g4 ond g6 
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Figure H-6. Typical Control/Display for System gll 


Figure H-4. Typical Control/ Dr ip fay for System g9 
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TABLE H-II 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1; GA2 AIRCRAFT 


Single Leg NAV 

Management 


6 


FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE 
- GENERAL AVIATION 


^ -System gl 

UHF NAV SAT Receiver (Manual Acquisition) 
NAV SAT EphomerTs Data Tables 
Local Aeronautical Chart 
Hand Held DR Computation Aid 
VHF Voice Link 

Ground System: Position Fix, Guidance and 
DR 


Single Leg NAV 
Management 


© 


»- System g2 

UHF NAV SAT Receiver (Automatic Search and 
NAV SAT Ephemcris Data Tabloi AcquIjUSon) 
Local Aeronautical Chart 
Hand Held DR Computer 
VHF Voice Link 

Ground System Position Fix, Guidance end 
DR 


Utilization 


Task 

Time 

Factor 

Review current met forecast 

30-300 

8 

Switch-on 

1 1 

7 

Estimate map position 

10-30 

8 

Estimate NAV SAT ephemem constants 

5 

8 

Estimate time difference signals 

10 

8 

Search, acquisition of TD signals 

170 

0 

Maintain signal track 

2 

8 

Review record, current leg, present status per 
report 

22 8 

8 

Set direct comm frequency 

2.1 

7 

•Request direct comm NAV SAT ATC center (A-G) 

7.8 

13 

•Acknowledge direct comm. (G-A) 

9.6 

1 

•Request NAV SAT position fix (A-G) 

6.6 

13 

•Acknowledge request (G-A) 

5 4 

l 

•State position estimate, way point/destination, 
TD1, TD2, Altitude, TAS, heading (A-G) 

22.8 

17 

Receive renge to way point, bearing to way point 

(G-A) 

Steer revised course— — ——————————————— 

10.8 

1 

Record DTG 

5 

* 7 

Record magnetic bearing to way point 

5 

7 

Plot position on map 

20 

8 

Recalculate drift angle 

45 

8 




Stfitr revised course— ————————— 

Heoding check end reset 

5-60 

8 

Track check end record 

5 

8 

Compute distance gone (map) and record 

10-30 

8 

Read and record elapsed time 

6.2 

8 

Plot cross track distance (mop) and record 

7.4 

8 

Ground speed check end record 

5 

8 

Compute ground speed 

7 

8 

Read TAS 

1.2 

3 

Estimate tailwind component 

10 

8 

Course to steer check and record 

5 

8 

Compute course less drift angle (track angle) 

4.3 

8 

ETA check and record 

10 

8 

ETE check and record 

10 

8 

Flight level check, monitor and reset pressure 
reference 

6.7 

8 

Fuel check and record 

10 

8 

Flight plan status check (DTG, AETA, AGS, 
ACT, Ar, A fuel) 

14.2 

3 

Update met forecast 

60 

17 

Prepare and record flight log (above) 

- 

- 

Prepare ATC report 

60 

8 

•Release Report - standard (A-G) 

29 4 

17 

Time = 657 sec % Utilization Pilot 

33 2 


Utilization 


Task 

Time 

Factor 

Review current met forecast 

30-300 

8 

Switch -an 

l.l 

7 

Initiate search, aoquisThon, track 

8.6 

8 

Estimate map position 

10-30 

8 

Review record, current leg, present status per 
report 

22.8 

8 

Set direct comm frequency 

2.1 

7 

•Request direct comm NAV SAT ATC center (A-G) 

7.8' 

13 

•Acknowledge direct comm. (G-A) 

9 6 

1 

•Request NAV SAT position fix (A-G) 

6 6 

13 

•Acknowledge request (G-A) 

5 4 

1 

•State petition estimate, way polnt/destlnatien, 

TD1, TD2, A! ritude, TAS, heading (A-G) 

22.8 

17 

Receive range to way point, bearing to way point 
(G-A) 

10.8 

1 

Record DTG 

5 

7 

Record negnetic bearing to way point 

5 

7 

Plot position on map 

20 

8 

Recalculate drift angle 

45 

8 

Heading check and reset 

5-60 

8 

Track check and record 

5 

8 

Compute distance gone (map) and record 

10-30 

8 

Read and record clopsed time 

6 2 

8 

Plot cross track distance (nap) and record 

7 4 

8 

Ground speed check and record 

5 

3 

Compute ground speed 

7 

8 

Read TAS 

1.2 

3 

Estimate tailwind component 

10 

8 

Course to steer check and record 

5 

8 

Compute course less drift angle (track angle) 

4.3 

8 

ETA check end record 

to 

8 

ETE check and record 

10 

8 

Flight level check, monitor ond reset pressure 
reference 

6.7 

8 

Fuel check and record 

10 

8 

Flight plan status check (DTG, AETA, AGS, 
ACT, At, A fuel) % 

14 2 

3 

Update met forecost 

60 

17 

Prepore ond record flight tog (above) 

- 

- 

Prepare ATC report 

60 

8 

•Release Report - standard (A-G) 

29.4 

17 


Time - 478 sec % Utilization Pilot 35 0 

'Communication Management Task 


H-5 





PNSI-TR-69-0301-III 


TABLE H-H (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT 


FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE 
- GENERAL AVIATION 


Single Leg NAV 
Ma nog ement 




^- System g3 

LF Ground Based TD Receiver (Manual Acquisition) 
Local Aeronautical Chart - GBTD Contours 
Hand Held DR Computer 
VHF Voice Link 

Ground System Position Fix, DR, Guidance 


Task 

Time 

Utilization 

Factor 

Review current met forecast 

30-300 

6 

Switch -on 

1.1 

7 

Estimate map positron (range, bearing, from 
way point) 

10-30 

6 

Estimate station locations 

5 

8 

Select station on control portal 

*4.3 

7 

Estimate time difference From map 

10 

8 

Search, acquisition af TD signals 

170 

.8 

Maintain signal track 

2 

8 

Review record, current leg, present status per 
report 

22.8 

8 

Set direct comm frequency 

2.1 

7 

•Request direct comn GBTD ATC center (A-G) 

7.8 ‘ 

13 

•Acknowledge direct comm. (G-A) 

9.6 

1 

•Request NAV SAT position fix (A-G) 

6.6 

13 

•Acknowledge request (G-A) 

5 4 

1 

•State position estimate, way point/de stinotion, 
TDT, TD2, Altitude, TAS, heading (A-G) 

22 8 

17 

Receive range to way point, bearing to way point 
(G-A) 10.8 

1 

Record D7G 

5 

7 

Record magrotre bearing to way point 

5 

7 

Plot position on map 

20 

8 

Recalculate drift angle 

45 

8 

Heading check and reset 

5-60 

8 

Track check and record 

5 

8 

Compute distance gone (map) and record 

10-30 

8 

Read and record elapsed time 

6.2 

8 

Plot cross track distance (map) and record 

7.4 

8 

Ground speed check and record 

5 

8 

Compute ground speed 

7 

8 

Read TAS 

1.2 

3 

Estimate tailwind component 

10 

8 

Course to steer check and record 

5 

8 

Compute course less drift angle "(track ongle) 

4.3 

8 

ETA check and record 

10 

8 

ETE check and record 

10 

8 

Flight level check, monitor and reset pressure 
reference 

6.7 

8 

Fuel check and record 

TO 

8 

Flight plan status check (DTG, AETA, AGS, 
ACT, At, A fuel) 

14.2 

3 




Update met forecast 

60 

17 

Prepare end record flight log (above) 

- 

_ 

Prepare ATC report 

60 

8 

•Release Report - standard (A-G) 

29.4 

17 


Single Leg NAV 
Management 


<b 


System g4 

LF Ground Bated TD Receiver (Automatic Acquisition) 
Local Aeronautical Chart with GBTD Contours 
Hand Held DR Computer 
VHF Voice Link 

Ground System Position Fix, Guidance and DR 
Utilization 


Steer revised course — — — — * 
Record DTG 

Record meg rw tic bearing to way point 

Plot position on mop 

Recalculate drift ongle 

Steer revised course— ———— — — 

Heeding check and reset 
Track check and record 


5 

5 

20 

45 


5-60 

5 


Course to steer check and record 

Compute course less drift angle (track angle) 
ETA check and record 
ETE check and record 

Flight level check, monitor and reset pressure 
reference 


Time — 661 ice 


% Utilization Pilot 33.2 


Fuel check and record 

Flight plan status check (DTG, AETA, AGS, 
ACT, Ac, A fuel) 

Correct steering, TAS, altitude 

Update met forecast 

Prepare and record flight log (above) 

Prepare ATC report 

•Release Report - stonderd (A-G) 

Time =478 sec 
•Communication Monogement Task 


5 

4.3 

10 

10 

6.7 

10 

14 2 


60 

60 

29.4 


Task 

Time 

Fact 

Review current met forecast 

30-300 

8 

Switch -on 

1.1 

7 

Initiate search, acquisition, track 

8.6 

8 

Estimate map position 

10-30 

8 

Review record, current leg, present status per 
xeport 

22.8 

8 

Set direct comm frequency 

2.1, 

7 

•Request direct comm ATC center (A-G) 

7 8 

13 

•Acknowledge direct comm. (G-A) 

9 6 

1 

•Request position fix (A-G) 

6.6 

13 

•Acknowledge request (G-A) 

5.4 

1 

•State position estimate, way point/destination, 
TD1, TD2, Altitude, TAS, heading (A-G) 

22.8 

17 

Receive range to way point, bearing to way point 
(G-A) 

10 8 

1 


Compute distance gone (map) and record 

10-30 

8 

Read ond record elapsed time 

6 2 

8 

Plot cross track distance (map) and record 

7.4 

8 

xmd speed check ond record 

5 

8 

Compute ground speed 

7 

8 

Read TAS 

. 1.2 

3 

Estimate tailwind component 

10 

8 


8 

17 


% Utilization Pilot 35.0 
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TABLE H— II (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT 


FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE 
-GENERAL AVIATION 


Single Leg NAV 
Manogement 


LIHF NAV SAT Receiver (Automatic Search and 
Acquisition) 

NAV SAT Ephemeris Data Tobies 
Local Aeronautical Chart 
VHF Voice Link 

Ground System Position Fix# Guidance and DR 
Ground System Flight Plan Reference 

Utilization 

Time Factor 


Single Leg NAV 

Management 


System g6 

LF Ground Based TD Receiver (Automatic Acquisition) 

Local Aeronautical Chart with GBTD contrours 

VHF Voice Link 

Hand Held DR Computer 

Ground System* Position Fix, Guidance, DR 

Ground System Flight Plan Reference 

Utilization 

Time Factor 


Review current met forecast 


Review current met forecast 


Initiate search, acquisition, track 8 6 

Estimate mop position 10-30 

Review record, current leg, present status per 

report 22.8 

Set direct comm frequency 2. 1 

*Request direct comm NAV SAT ATC center (A-G) 7.8 

‘Acknowledge direct comm. (G-A) 9 6 

‘Request NAV SAT position fix (A-G) 6 6 

‘Acknowledge request (G-A) 5 4 

‘State TD 1, TD2. 9 

Receive range to way point, bearing to way point 

(G-A) 10.8 

Steer revised course-- 


Record magnetic bearing to way point 
Plot position on mao 
Recalculate drift ongie 


Heading check and reset 5-60 

Track check end record 5 

Compute distance gone (map) and record 10-30 
Read end record elapsed time 6.2 

Plot cross frock distance (mop) end record 7.4 
Ground speed check end record 5 

Compute ground speed 7 

Read TAS 1 2 

Estimate tailwind component 10 

Course to steer check and record 5 

Compute course less drift angle (trock angle) 4.3 
ETA check and record 10 

ETE check and record 10 

flight level check, monitor end reset pressure 
reference 6.7 

Fuel check and record 10 

Flight plan status check (DTG, AETA, AGS, 

ACT, Ac, A fuel) 1 14,2 

Correct steering, TAS, altitude— — — • 

Update met Forecast 60 

Prepare end record flight log (above) - 

Prepare ATC report - 60 

‘Release Report - standard (A-G) 29.4 


Time = 464 sec % Utilization Pilot 34 3 


Estimate map position (range, bearing, from 
way point) 

Select chain on control panel 
initiate search, acquisition, track 

Review record current leg, present status per 
report 

‘Set direct comm frequency 

*Request direct comm ground based time difference 
ATC center (A-G) 

‘Acknowledge direct comm (G-A) 

"Request GBTD position fix (A-G) 

‘Acknowledge request (G-A) 

‘State TD], TD2 

‘Receive range to way point, bearing to way point 
(G-A) 

Steer revised course---— 


Record magnetic bearing to way point 
Plot position on mop 
Recalculate drift angle — 

Steer revised course— —————— 


‘Communication Management Task 


Heading check ond reset 
Track check and record 

Compute distance gone (mop) ond record 
Reod and record e lapsed time 
Plot cross track distance (map) and record 
Ground speed check ond record 
Compute ground speed 
Reod TAS 

Estimate tailwind component 
Course to steer check ond record 

Compute course less drift angle (track angle) 
ETA check and record 
ETE check and record 

Flight level check, monitor ond reset pressure 
reference 

Fuel check and record 

Flight plan stotus check (DTG, AETA, AGS, 

ACT, As, A fuel) 

Correct steering, TAS, altitude — 

Update met forecast 

Prepare and record flight log (obove) 

Prepare ATC report 

‘Release Report - standard (A-G) 

Time - 468 sec % Utiliz 


% Utilization Pilot 34.3 
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TABLE H-ll (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1, GA2 AIRCRAFT 


FLIGHT PHASE - 


VFR ENROUTE CONTROLLED AIRSPACE 
GENERAL AVIATION 


Single Leg NAV 
Manogement 


UHF NAV SAT Receiver (Automatic Search and 
Acquisition) 

NAV SAT Ephemeris Data Tables 
>Local Aeronautical Chart 
Hand Hold DR Computer 
VHF Voice Link (Back up) 

Minimum UHF Data Link (Primary) 

Ground System: Position Fix, Guidance, DR 
Ground System Flight Plan Reference 

Utilization 

Time Factor 


Review current met forecast 30-30 

Switch-on 1 , 1 

Set satellite reference 4.3 

Initiate search, acquisition, track 8.6 

Set A/C code idenf on UHF transponder 4.3 

Set ATC code ident on UHF transponder 4 3 

Set system For interrcgation/or initiate fix command 1.1 

•Receive NAV SAT doto, TOT, TD2 every 12.4 sec 
(not displayed), dump upon interrogation A/C ident, 

ATC code, TD1, TD2 (A-G) 

•Receive range to way point, bearing to way point 
(G-A) on display Reod DTG, track angle 1 8 

Steer revised course—--——-—*—— — — — - — 


Recc'd DTG 5 

Record ncgne‘ic bearing to way point 5 

Plot position on map 20 

Recalculate drift angle 45 

Heading check and reset 5*60 

Track check and record 5 

Compute distance gone (map) ond record 10-30 
Read and record elapsed time 6.2 

Plot cross track distance (nap) and record 7.4 

Ground speed check and record 5 

Compute ground speed 7 

RcodTAS 1.2 

Estimate tailwind component 10 

Course to steer check ond record 5 

Compute course less drift ong I e (track angle) 4.3 
ETA check end record 10 

ETE check and record 10 

Flight level check, monitor and reset pressure 
reference 6.7 

Fuel check and record 10 

Flight plan status check (DTG, aETA, AGS, 

ACT, At, A fuel) 14.2 

Correct steering, TAS, altitude — — ----- 

Update met forecast 60 1 

Prepare and record flight log (above) - 

Prepare ATC report 60 

•Release Report - standard (A-G) 29 4 1 

Time= 394 sec % Utilization Pilot 35 3 

•Common i co ti on Management Task 


Single Leg NAV 
Management 


■ System g8 

VHF GB Time Difference Receiver (Automatic 
Search and Acquisition) 

Local Aeronautical Chart with GB TD Contours 
VHF Voice Link (Back up) 

Minimum VHF Data Link (Primary) 

Ground System: Position Fix, Guidance, DR 
Ground System: Flight Plan Reference 


Utilization 
Foe tor 


Review current met forecast 30-30 

Switch-on 1 1 

Set chain 4 3 

Initiate search, acquisition, track 8 6 

Set A/C code ident. on VHF transponder . 4 3 

Set ATC code Ident. on VHF transponder 4.3 

Set system for interrogotion/or initiate fix command 1.1 

•Receive GBTD data TD1, TD2 continuously (not 
displayed), dump upon interrogation A/C ident., 

ATC code, TD1, TD2 (A-G) 

•Receive range to way point, bearing to way point 
(G -A) on display. Read DTG, hack angle 1.8 


Steer revised course- 

Record DTG 

Record mcgnetic bearing to way point 
Plot position on mop 
Recalculate drift angle 

5 

5 

20 

45 

7 

7 

8 
8 

Heading check and reset 

5-60 

8 

Track check ond record 

5 

8 

Compute diston ce gone (map) ond record 

10-30 

8 

Reod ond record elapsed time 

6 2 

8 

Plot cross track distance (mop) and record 

7.4 

8 

Ground speed check and record 

5 

8 

Compute ground speed 

7 

8 

Read TAS 

1.2 

3 

Estimate tailwind component 

10 

8 


Course to steer check and record 5 

Compute course lets drift angle (frock angle) 4.3 
ETA check and record 10 

ETE check and record . 10 

Flight level check, monitor and reset pressure 
reference 6.7 

fuel check and record 10 

Flight plan status check (DTG, AETA, AGS, 

ACT, At, A fbet) 14 2 

Correct steering, TAS, altitude 

Update met forecast 60 

Prepare and record flight log (above) 

Prepare ATC report 60 

•Release Roport - standard (A-G) 29 4 


Time = 394 sec 
•Communication Management Task 


% Utilization Pilot 35 3 
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TABLE H— 1 1 (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GA1,GA2 AIRCRAFT 


FLIGHT PHASE - 


c 




— 




Single Leg NAV 
Management 

UHF NAV SAT Receiver 
Local Aeronautical Charts 


r 

.. DR AT/CT Compute 


i 

C 

') VHF Voice Link (also Minimum data link) 


Ground System* Position Fix, 

Guidance 


Ground System: Flight Plan Reference 

Task 


Time 

Utilization 

Foctor 

Review current met forecast 

30-300 

8 

Switch *^n 


1.1 

7 

If System g2 

perform tasks to: 



Receive range to way point, bearing to way 
point (G-A) 

95 

8 5 

If System g5 

perform tasks to* 



Receive range to way point, bearing to 
way point (G-A) 

82 

7.4 

If System g7 

perform tasks to: 



Receive range to way point, bearing to 
way point (G-A) or display 

25 5 

7.6 

Record DTG 


5 

7 

Record course to way point 

5 

7 






Enter range to way point 

4.3 

8 

Enter bearing to way point 

4 3 

8 

Enter cross track wind 

4 3 

8 

Enter along track wind 

4 3 

8 

Initiate AT/CT solution 

1 T 

7 

Heading check and reset 

5 

8 





Plot position on map 
Track check and record 

20 

8 

Compote distance gone (map) and record 

10 

8 

Record elapsed time 

5 

8 

Record cross track distance 

5 l 

8 

Ground speed check and record 



Compute ground speed 

7 

8 

Read ground speed 

1.1 

3 

Record ETA 


5 

6 

Record ETE 


5 

8 

Flight level check, monitor and reset pressure 
reference 

6.7 

8 

Fuel check end record 

10 

8 

Flight plan status check (DTG, AETA, AGS, 
ACT, Az, A fuel) 

14 2 

3 

Correct steering, TAS, altitude— — — 

— 

— 

Update met forecast 

60 

17 

Prepare and record flight log (above) 

- 

- 

Prepare ATC report 

60 

8 

•Release Repor 

- standard (A-G) 

29.4 

17 


Time - 317 sec % Utilization Pilot 36 2 

•Commumcotio 

n Management Task 




VFR EN ROUTE CONTROLLED AIRSPACE 
GENERAL AVIATION 


Single Leg NAV 
Management 


System glD 

UHF NAV SAT Receiver (Automatic Search end 
Acquisition) 

Local Aeronautical Charts 
DR AT/CT Computer 
VHF Voice link (Bock up) 

Maximum VHF Data Link (Primary) 

Ground System Position Fix, Guidance 
Ground System* Flight Plan Reference 


Util ization 
Foctor 


Rev tew current met Forecast 30-30 

Switch-on l 1 

Set satellite reference 4,3 

Initiate search, acquisition, track 8.6 

Set A/C code Ident on UHF transponder 4 3 

Scr ATC code Ident. on UHF transponder 4 3 

Set system for interrsgation/of initiate fix command 1.1 

"Receive NAV SAT data, TD1, TD2 every 12 4 sec 
(not displayed), dump upon Interrogation A/C ident, 

ATC cede, TDt,TD2. (A-G) 

•Receive range to way point, bearing to way point 
(G-A) on display. Read DTG, track angle 1.8 

Steer revised course—— — —————— — 


Enter range to way point 
Enter bearing to way point 
Enter cross track wind 
Initiate AT/CT solution 
Heading check and reset 

Steer revised course — * 

Plot position on mop 
Track check and record 

Compute distance gone (mop) and record 
Record elapsed time 
Record cross track distance 
Ground speed check end record 
Compute ground speed 
Read ground speed 
Record ETA 
Record ETE 

Flight level check, monitor end reset pressure 
reference 

Fuel check ond record 

Flight plan status check (DTG, AETA, AGS, 
ACT, Az, A fuel) 


Correct steering, TAS, altitude— — 
Update met forecast 
Prepare and record flight log (above) 
Prepare ATC report 

•Release Report - standard (A-G) 

Time - 239 sec 


•Communication Management Task 


i Utilization Pilot 36 
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TABLE H-ll (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GAI, GA2 AIRCRAFT 


FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE 
- GENERAL AVIATION 

Event 

W System g 1 1 



Event 




Single Leg NAV 

LF Ground Based TD Receive 

(Automatic 

Single Leg NAV 

LF Ground Based TD Receiver (Automatic 

Management 

Search and Acquisition) 


Management 

Seareh and Acquisition) 



Local Aeronautical Charts, GB TD Contours 


Local Aeronautical Chorh, GB TD Contours 

I Olj Time difference Computer 


M|2J Time Difference Computer 



Minimum VHF Voice Link 



VHF Voice Link (Back up) 



Ground System: Flight Plan Reference 


Maximum VHF Do to Link (Primary) 







Ground System Flight Plan Reference 

Task 


Time 

Factor 





| Review current met forecast 

30-300 

8 




Utilization . 

| Switch-on 


1.1 

7 

Task 


Time 

Foctor 

Estimate map position 

10 

8 

Review current met forecast 

30-300 

8 

Set in masfer/slcve station 

4.3 

8 

Switch-on 


1.1 

7 

Set A/C code in VHF transponder 

4.3 

8 

Estimate map position 

10 

8 

Set ATC code in VHF transponder 

4.3 

8 

Set m master/ stave station 

4.3 

8 

Initiate search, acquisition, track 

8.6 

8 

Set A/C code in VHF transponder 

4 3 

8 

Insert present latitude estimate 

4.3 

8 

Set ATC code 

in VHF transponder 

4 3 

8 

Insert present longitude estimate 

4 3 

8 

Initicte search, acquisition, track 

8 6 

8 

Insert way point latitude 

4.3 

8 

Insert present Ictitude estimate 

4.3 

8 

1 Insert way point longitude 

4.3 

8. 

Insert present 

longitude estimate 

4.3 

8 

Initiate solution % 

1.1 

8 

Insert wey point lotifude 

4.3. 

8 

Monitor DTG readout 

1.1 

3 

Insert way point longitude 

4.3 

8 

Monitor course to steer readout 

1.1 

3 

Initiate solution 

1.1 

8 

Steer revised course- — 

— 


Mom -or DTG readout 

1.1 

3 

Record DTG 


5 

7 

Moniker course to steer readout 

1 1 

3 

Record magnetic bearing to way point 

5 

7 

Set system for Interrogation/cr Initiate report 

1.1 

8 

Plot position on map 

20 

8 

Steer revised 

course — — — — — — — — 

— 


Recalculate drift eng le 

45 

8 

Record DTG 


5 

7 

Heading check and reset 

5 

8 

Record magnetic bearing to way point 

5 

7 

Track check and record 

5 

8 

Plot position on map 

20 

8' 

Compute distonce gone (mop) ond record 

10-30 

8 

Recalculate drift cngle 

45 

8 

Read and record elapsed time 

6.2 

8 





Plot cross 

track distance (map) and record 

7.4 

8 

Heading check and reset 

5 

8 

Ground speed check and record 

5 

' 8 

Track check end record 

5 

8 

Compute ground speed 

7 

8 

Compute distance gone (map) and record 

10-30 

8 

Read TAS 


1.2 

3 

Read and record elopsed time 

6.2 

8 | 

Estimate tailwind component 

10 

8 

Plat cross track distance (map) and record 

7.4 

8 

Course to steer check and record 

5 

8 

. Ground speed check end record 

5 

8 

Compute course less drift angle (track angle) 

4.3 

8 

Compute ground speed 

7 

8 

ETA check and record , * 

10 

8 

Read TAS 


1.2 

3 

ETE check end record 

10 

8 

Estimate tailwind component 

10 

8 

Flight level check, monitor end reset pressure 




5 


1 reference 


6.7 

8 





1 Fuel check and record 

10 

8 

Compute course less drift angle (track angle) 

4.3 

8 





ETA check and record 

10 


Flight plan status check (DTG, A£TA, AGS, 



. . 




ACT, As, A fuel) 

14.2 

3 

cTE check and record 

10 

8 






Flight level check, monitor ond reset pressure 







reference 


6.7 


1 Update met forecast 

60 

17 





1 







i Prepare and record flight log (above) 

- 

- 





. .. 




Flight plan status check (DTG, AETA, AGS, 



Prepare ATC report 

60 

8 

ACT, A*, A fuel) 

14,2 

3 

•Release Report 

-standard (A-G) 

29.4 

17 

Correct TAS, altitude- — — 


— 





Update met forecast 

60 

17 


Time 12 315 sec % Utilization Pilot 46.2 

Prepare and record flight log (above) 

- 

- 





Prepare ATC report 

60 

8 

‘Communication Monogement Task 











•Release Report 

standard (A-G) 

1.1 

8 






Time - 328 sec % Utilization Pilot 34 






— 
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TABLE H— 1 1 (continued) 

NAVIGATION MANAGEMENT WORKLOAD ANALYSIS FOR GAI, GA2 AIRCRAFT 




FLIGHT PHASE - VFR ENROUTE CONTROLLED AIRSPACE 
- GENERAL AVIATION 




Event 




Event 




Single teg NAV 

VHF VOR Nav/Comm Receiver 


Single Leg NAV 

VHF VOR Nav/Comm Receiver 



UHF DME Transnitter/Receiver 


Management 

UHF DME TranjmTtter/Receiver 


S’ 

Local Aeronautical Chart 



Local Aeronautical Chart 


S {J3J Course Line Computer 


1 . Course Line Com put 

er 



VHF Voice Link 




VHF Voice Link (Beck up) 



Ground System; 5foreable Flight Plan 


Maximum VHF Data Link (Primary) 




Utilization 


* Ground System Storeoble Flight Plan 

Task 


Time 













Utilization 

1 Review current met forecast 

30-300 

8 

Task 


Tina 

Factor 

1 SwitcK-on 


1.1 

7 

j Review current met forecast 

30-300 

8 

Select way point from map 

10 

8 

| Switch -on 


1 1 

7 

Select and jet VOR frequency 

4.3 

8 

Select way point from map 

10 

8 

Select and set DME frequency 

4.3 

8 

Select ond set VOR frequency 

4.3 

8 

Measure range - VOR/DME to way point 

5 

8 

Select ond set DME Frequency 

4.3 

8 

Measure bearing - VOR/DME to way point 

5 

8 

Set A/C code ident on VHF transponder 

4,3 

8 ! 

Set range 


4.3 

8 

Set ATC code ident on VHF transponder 

4 3 

8 

Set bearing 


4 3 

8 

Measure range 

- VOR/DME to woy point 

5 

8 

Monitor DIG readout 

1.1 

3 

Measure bearing - VOR/DME to way point 

5 

8 

Monitor course to steer readout 

1.1 

3 

Set range 


4.3 

8 

Srccr revised 

course —————— _ 



Set bearing 


4 3 

8 

Reco'd DTG 


5 

7 

I Monitor DTG readout 

1 I 

3 

Record magnetic bearing to way point 

5 

7 

> Monitor course 

to steer readout 

1.1 

3 

Plot posi'ton on moo 

20 

8 

Set system for interrogation 

1.1 

8 

Recalculate drift angle 

45 

8 

Steer revised course———————— 

— 

— 





1 Record DTG 


5 

7 

Heading cheat ond reset 

5-60 

8 

Record magnetic bearing to way point 

5 

7 

Trcek check and record 

5 

8 

Plot position on map 

20 

8 

Compute distance gone (mcp) and record 

10-30 

8 

Recalculate drift angle 

45 

8 

j Read end record elapsed time 

6 2 

8 





Plot cross track distance (mcp) and record 

7.4 

3 

Heading check 

and reset 

5-60 

8 

• Ground speed check ond record 

5 

8 

Track check end record 

5 

8 

Compute ground speed 

7 

8 

Compute distance gone (mop) and record 

10-30 

3 

[ Read TAS 


1.2 

3 

Read and record elopsed time 

6.2. 

8 

| Estimate tailwind component 

10 

8 

Plot cross 

track distance (map) and record 

7.4 

8 

| Course to steer check and record 

5 

8 

Ground speed check and record 

5 

8 

Compute course less drift angle (track angle) 

4.3 

8 

Compute ground speed 

7 

3 

j ETA check and record 

10 

8 

Reed TAS 


1 2 

3 

ETS check end record 

10 

8 I 

Estimate tailwind component 

10 

8 

Flight level check, monitor and reset pressure 



Course to steer check and record 

5 

a 

1 rererence 













Compute course less drift angle (track angle) 

4.3 

8 

I rucl check and record 


O 





I 



0 

ETA check and record 

10 

8 

Flight plan status check (DTG, A£TA, AG5 







ACT, As, A fuel) 

14.2 

3 

tic check and record 

10 

8 

Correct steering, TAS, altitude-— — 



Flight level check, monitor and reset pressure 







reference 


6.7 

8 

I Update met forecast 







I 




Fuel check ond record 

10 

8 

I Prepare and record flight loo (above) 











r light plan status check (DIG, AETA, AGS, 



j .repare ATC report 

60 

8 

ACT, As, A fuel) 

14.2 

3 

‘Release Report 

standard (A-G) 

29 4 

17 

Correct steering, TAS, altitude—— — - — — 

— 

— 





Update met forecast 

60 

17 


Time = 410 sec % Utilization Pilot 35.2 


Prepare and record flight log (above) 

- 

- 





Prepare ATC report 

60 

8 

J ‘Communication Management Task 











‘Release Report 

- standard (A-G) 

1 1 

8 






Time - 478 sec % Utilization Pilot 31 

.8 





‘Communication Manogement Task 
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H.2 THE AMBIGUITY RESOLUTION OF TIME DIFFERENCE/CONTINUOUS 

WAVE SYSTEMS (TD/CW) 

General aviation systems g4, g6 and g8 are promising area navigation systems 
which present solutions for the general aviation problem. The system transmits time differ- 
ence data to the ground system, and returns guidance information on the uplink. 

A major problem area in the operation of a CW time difference system is the 
resolution of the ambiguities in the TD measurements. The following' discussion outlines an 
operational procedure for ambiguity resolution, using a dead reckoning computer and ATC 
surveillance information. 

H .2 . 1 Summary 

An operational procedure for ambiguity resolution is presented in the form of 
a functional sequence diagram (FSD). An FSD of a particular task presents the following 
information: 

(1) Information flow between components 

(2) Component interaction 

(3) Component functions 

(4) Procedure for performing task 

(5) Logic for performing task 

H.2. 2 Ambiguity Resolution (See Figure H-9) 

The ambiguities in the CW/TD system arise when an aircraft loses the TD 
signals for some period of time, or when an aircraft leaves the coverage of one chain and 
enters the service area of a second chain. 

The principal aids for ambiguity resolution are the dead reckoning sensors of 
the aircraft. They are assumed to be input into a dead reckoning computer. During 
nominal operation, a TD input is also available to the DR computer so that the DR posi- 
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tion can be updated and malfunctions of the TD subsystem or the DR subsystem can be 
detected. Through interactions with the TD computer, TD coordinates are computed from 
the DR position and the lane counters are set by the pilot. Should the DR position differ 
from the TD position by a specified error limit, the conflict is resolved by requesting an 
ATC surveillance check. If the conflict still persists, the procedure may be recycled or 
it may be found that the TD receiver is inoperable. 

The FSD is presented for an aircraft with an onboard computer for TD position 
fixing. A similar procedure could be utilized by an aircraft with no TD computer but with 
a DR computer and a data link to a ground bdsed computer. 


FUNCTIONAL SEQUENCE 
DIAGRAM LEGEND 


^ Transmit information automatically 
Automatic logic operation 



V 
T 

Y 
N 


Return to operation x automatically 
Visual task 

Tactile task 
> 

Tiut 

Fc!w 


O 

□ 

V 

o 

o 

© 

a 


Receive information manually 
Perform operation manually 
Slore information manually 
iranwnit information manually 
Manual logic operation 

Receive information automatically 
Perform operation automatical ly 
Store information automatically 



Figure H-9. Ambiguity Resolution - Functional Sequence Diagram 

(continued on Page H-14) 
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Figure H-9 (cont'd) . 

Ambiguity Resolution 
Functional Sequence 
Diagram 
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H.3 NAVIGATION COMPUTER PROGRAM REQUIREMENTS FOR GENERAL 

AVIATiON CATEGORY - HYPERBOLIC COORDINATE CONVERTER, 

DEAD RECKONING SYSTEM 

In this Appendix,H, the algorithms needed to solve the coordinate conversion 
problem and dead, reckoning problem are developed. These algorithms are then programmed 
using a hypothetical machine language that is representative of languages common to most 
airborne digital computers. 

The object is to estimate the amount of storage needed (i.e., "size" of the 
computer) and provide a means for estimating the time of execution. 

H.3.1 Hyperbolic Coordinate Conversion 

This problem can be separated into two parts: (1) the transformation of hyper- 
bolic time difference signals into latitude and longitude; and (2) the conversion of latitude 
and longitude into information relative to a specified track. Systems gll and gI2 require 
this capability. 

H.3. 1 . 1 Hyperbolic Coordinate Conversion to Latitude and Longitude 

Several different solutions to the hyperbolic conversion problem have been 
developed. The drawback of most is that they are iterative solutions which can be very 
time consuming on a computer. However, an explicit solution [Ref 62] has been developed 
which, in addition to being noniterative, includes corrections for the non-spherical earth 
(Clarke-Spheroid of 1866). This is obtained by using an osculating sphere, tcngent to 
the spheroid at the aircraft position; whose radius eauals the radius of curvature at that 
poi nt. 

A flow chart. Figure H-10, shows the equations. The pertinent variables are: 
r - Index of refraction 
v Q - Velocity of light in vacuum 
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Figure H-10. Time Difference Coordinate Conversion 
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v - Actual velocity of light 

X - X-slave station 

Y - . Y-slave station 

M - Master station 

S - Receiver 

T j - i -slave coding delay , if any 

T. - i-slave time difference 

8 . - i-slave baseline arc 

mi 

K - angle between baseline arcs 

p. - angle between i-slave baseline arc 

and arc from Master to Receiver 

- arc from Master to Receiver 

$. - arc from i-slave to Receiver 

is 

.Tj s - secondary phase correction associated 
with i-slave and Receiver 

A1,A3- constant for determining secondary 
phase correction 

X - Longitude 

0 - Latitude . 

Cj-C Constants (function of chain geometry, etc.) 

The computer solution to this flow chart is 
expressed as a step by step set of equations, with running-explanations. 
But this is only one part of the entire, program, the other parts being 
system set-up (where all fixed inputs are read), logic, along-cross- 
track conversion, flight plan conversion, and track set-up. Part of 
this hyperbolic to lat/long routine is executed only once for a given 
station chain, and so is in the system set-up routine ' 
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H.3.1 .2 Conversion To Along-Cross-Track Coordinates 

The desired outputs are range and bearing to a specific waypoint. 
These are obtained by first solving assuming a spherical earth and then 
making corrections. The spherical trigonometric equations for range 
angle and bearing are: 

B = Cos -1 

A = Sin’ 1 

where 

X Y 
n, n, 

X Y 

m, m, - 

B - Range angle 

A - Bearing angle (referred to North) 


T Sin X Sin X + Cos X Cos X Cos(Y -Y jl 
L m n m n ' m n'J 

[ Cos X Sin(Y -Y )/ Sin b! 

L_ m m n _j 


- Lat and Long of A/C position 

- Lat and Lona of waynoint 


An example correction equation (for range) is: 

0m = mean latitude 

a, b = equatorial, polar radii 

Range = abB/ (a^ Sin^0 m + b^ Cos^0 m ) 

It is assumed that a similar type of correction may be made for bearing 
angle. Again, this routine is not written in machine language, but 
as step by step equations. 


H.3.1. 3 Develop Flight Plan Track 

When operating in Flight Plan mode, the operator desires cross-track 
deviation (CTD) and distance gone (DG) about a specified track. Otherwise, he is 
in the Steering mode, and has a$ : outputs range and bearing to the waypoint (WP). So 
when Flight Plan operation is desired. Switch 2 is in the Off (Flight Plan) position, 
which causes two inputs to be read, latitude and longitude, of the start point (SP). The 
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fangents of these angles are found, and the TRACK CONVERSION routine is run, and 
the resulting range and bearing are stored separately as the flight plan track. 

H.3.1.4 Flight Plan Conversion 

This routine operates after every execution of the HYPERBOLIC and TRACK 
routines when in flight plan mode. |ts purpose is to convert range and bearing to waypoint 
information to cross track deviation and it should be noted that if the operator sets up in 
flight plan mode, then he may switch between the two modes at will during operation to 
read both sets of outputs. 

The functions of the three switches are: 

SWO: OFF - Ready; ON - Chain Parameter Input 

SW1: OFF - Area Parameter, Waypoint Input; ON - Operate 

SW2: OFF - Flight Plan Mode; ON - Steering Mode 

H.3.1.5 Storage Requirements and Execution Times 


Total Program 

Storage 

Requirements 


Routine 

Instructions Variable Data 

Permanent Data 

Hyperbolic Conversion 

203 

16 

1 

Track Conversion 

127 

8 


Flight Plan Conversion 

32 

8 

5 

Chain Load 

60 

28 

1 

Waypoint Load, Operation 

71 

18 

2 

Other 

6 

_ 

_6_ 


499 

78 

15 = 592 

+ Square Roof Subroutine 

• 30 

_3 

A_ 


529 

81 

19 = 629 

+ Trigonometric Subroutine 

100 

15 

28 


629 

96 

47 = 772 
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Total Machine Operations For Set-Up 


Routine 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Trig. 

Sq. Rt. 

Chain Load 

3 

3 

2 

6 

34 

60 

3 

3 

W. P. Load 

8 

8 

12 

19 

25 

147 

4 

4 

Track Conv. 

19 

20 

-1 

_2 

23 

127 

2 

_ 5 _ 


30 

31 

21 

27 

82 

334 

9- 

12 

+ Sq. Rt. (12) 

264 

60 

60 

132 

300 

1176 


-12 


294 

91 

81 

159 

382 

1510 

9 

0 

+ Trig. (9) 

270 

63 

_0 

90 

540 

900 




564 

154 

81 

249 

922 

2410 

0 

0 

Total Machine 

Operations For One Cycle 

(Flight PI 

an Mode) 



Routine 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Trig. 

Sq. Rt. 

■'Hyperbolic 

42 

41 

18 

5 

62 

281 

8 

7 

Track 

19 

20 

7 

2 

23 

127 

2 

5 

Flight Plan 

_4 

_7 

J_ 

I 

12 

32 


1 


65 

68 

26 

8 

97 

440 

10 

13 

+ Sq. Rt. 

286 

65 

65 

143 

325 

1274 

JO 

' -13 


351 

133 

91 

151 

422 

1714 

10 

0 

+ Trig. 

300 

70 

0 

100 

600 

1000 

-10 

0 


651 

203 

91 

251 

1022 

2714 

0 

0 


Time Computations for Two Typical but Very Different Types of Computers: 
Decca Omnitrac lib; LSI D1VIC 


Omnitrac: 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Time (ps): 

84 

1,292 

2,000 

84 

84 

84 

Ops: 

54,684 

262,276 

182,000 

21,084 

85,848- 

227,976 


Total = 0.834 sec/cvcle 
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DIVIC: 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Trig. 

Time (ps): 

12 

108 

360 

12 

12 

12 

360 

Ops: 

4,212 

14,364 

32,760 

1,812 

5,064 

20,568 

3,600 



Total 

= 0.082 

sec/cycle 





H.3.2 Dead Reckoning Computer, System g9, glO 

This computer would take inputs of range and bearing to a 
destination (waypoint), and from the inputs,wind vector, airspeed, 
altitude, pitch angle and compass direction,compute outputs of 
ground speed, distance to go, cross track deviation, course to steer, 
altitude and time to go. The range and bearing inputs would come 
from a navigation aid such as satellites, or from hand calculations. 

H.3.2. 1 Inputs and Outputs 

The inputs may be broken down in the following manner: 

Automatic (or manual insert): 

DTG 0 - Range to destination 

Aj. 0 - Bearing to destination 

- Wind component, along track 

- Wind component, cross track 

- Pressure correction 

V - Airspeed 

- Altitude 

p - Pitch angle 

A - Compass heading 


Manual Insert: 

V 

WAT 

V 

WCT 

z a (set) 

Sensor Information: 
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The outputs are: 


GS 

- Ground speed 

TTG 

- Time to go 

DTG 

- Distance to go 

6 

- Cross track deviation 

a 

- Course to steer 

Z A 

- Altitude 


H.3.2.2 Equations For Dead Reckoning 

z a = z a +z a< set) 

t 

X AT = y (V WAT + V cos (A t0 - A) cos p) dt 
*0 

t 

Y at = / (V WCT + v si n (A to - A) cos p) dt 

X AX = distance traveled along track 
AT 

Y = distance traveled cross track 

DTG = [ (DTG 0 - X AJ ) 2 + (Y at ) 2 ] 1/2 , 


a CT \ 

a = A fo -A+sm ( 5 ^ ) 

GS = V cosp+ V WAT 
TTG = DTG/GS 
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The integrations are accomplished by a. summation for each 
cycle of the program. The time of each cycle is stored as a constant. 
The cycle time is multiplied by the expression within the integral and 
added to the running sum. For example, 

t/At 

X AT = I [V. A/AT + V M cos (A -A ) cos p I At 
AT , WAT N to n r n 
n= 1 

(At = cycle time) 


H.3.2.3 Storage Requirements and Operating Times 


Storage Requirements 


Routine 


instructions 

Variable 

Data 

Permanent Data 


Program 


78 

12 


2 

= 90 


+ Square Root Subrouti 

ne 30 

_3 


4 





108 

15 


6 

= 129 


+ Trigometric 

Subrouti i 

ne U2 

11 


28 





220 

30 


34 

= 284 


Total Machine Operations 

for Each Cycle 




Routine 

Add 

Mult. Div. 

Jump 

Mem. 

Words 

Trig : 

Sq. Rt. 

Main 

10 

9 3 

6 

24 

70 

3 

2 

+ Sq. Rt. (2) 

44 

10 TO 

22 

50 

196 

0 

-2_ 


54 

19 13 

28 

74 

266 

3 

0 

+ Trig. (3) 

90 

21 0_ 

30 

180 

300 

~3_ 

£ 


144 

40 13 

58 

154 

566 

0 

0 
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Omnitrac: 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Time (ps): 

84 

1,292 

2,000 


84 

84 

84 

Ops: 

12,096 

51,680 

26,000 

4, 

872 21,336 

47,544 



Total = 0. 164 sec 

r 

/cycle 



DIVIC: 

Add 

Mult. 

Div. 

Jump 

Mem. 

Words 

Trig 

Time (ps): 

12 

108 

360 

12 

12 

12 

360 

Ops: 

648 

2,052 

4,680 

336 

888 

3,192 

1,080 


Total - 0.0129 sec/cycle 


PN1SI—TR— 69-030 1 —III 


APPENDIX I 
NEW TECHNOLOGY 


In compliance with the New Technology clause (May 1966) of the subject 
contract, this Appendix K has been included. Although the subject matter of this 
contract is particularly analytical in nature, it is felt that some of the concepts advanced 
in this report are unique, and could be construed as falling in the category of new tech- 
nology in its broadest sense. 

Given the scope of the NAVTRACS program and the overall requirement to 
evaluate advanced navigation/traffic control concepts from the user viewpoint in an 
advanced time frame, a page-by-page identification of new technology content in this 
report was not considered practical. Where pertinent, identification has been made on a 
sectional basis. 

(1) One project task undertaken during this program was the 
concept formulation and system synthesis of an advanced 
navigation/traffic control system employing area navigation 
for aM user aircraft including general aviation, VTOL, STOL, 

SST, and CTOL jet aircraft. Sections 4. 1, 4.3 and 4.4 
describe the Flight Plan Reference airborne subsystem. 

Section 4.5 describes the Flight Plan Reference ground 
system. While not specifically representing new technology 
in its strictest sense, it is felt that the overall Flight Plan 
Reference concept of navigation/traffic control is a major 
essential element of any new ATC system concept. As 
developed in the course of this study, proper implementation 
of this concept could have a dramatic effect on the future of 
air transportation in this country. 
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(2) In conjunction with the concept of Flight Plan Reference, 
the use of the concept of airborne and ground based Limit 
Logic computations, described in Section 4. 1, provides 

an even more effective tool in reducing pilot and controller 
workload and communications, resulting ultimately in a 
greater capacity of the future traffic control system. 

(3) The results of the NAVTRACS program were derived 
through the use of a specific, large scale, man-machine 
methodology. Sections 2 through 7 and Appendix A 
summarize this technique, which is unique for the syn- 
thesis of navigation/traffic control systems from the 
viewpoint of the piloh Additional studies and evalua- 
tions in this general area could make significant use of 
this methodology. 
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